UNCLASSIFIED

AD NUMBER

AD847214

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative and Operational Use, Export
Control; Oct 1968. Other requests shall be
referred to the Naval Ship Research and
Development Center, Attn: Code 500,
Washington, DC 20350.

AUTHORITY

USNSRDC, per notice dtd, 14 Nov 1980

THIS PAGE IS UNCLASSIFIED




E ks
S

LV
S G
RSl

Sodust
e
otas




DEPARTMENT OF THE NAVY

NAVAL SHIP RESEARCH AND DEVELOPMENT CENTER
WASHINGTON, D. C. 20007

UNSTEADY PROPELLER LOADING-MEASUREMENT,
CORRELATION WITH THEORY, AND

PARAMETRIC STUDY

Robert J. Boswell
and

Marlin L. Miller

This document is subject to special export controls and
each transmittai to foreign governments or foreign nationals
may be made only with prior approvat of the Naval Ship Re-
search and Development Center, Code 500.

Cctober 1948 Report 2625




7

-

: ; TABLE OF CONTENTS
|

( Page
ABSTRACT ..ottt eeeeee e seees e et s eeeees oo 1
ADMINISTRATIVE INFORMATION ... oo 1
INTRODUCTION ...oiimiiiieieee et ee e oo ee e e 2
IMPORTANCE OF STUDY ..ovvovoeeeeooeeeeeeeoeoeoeeeoeooeooeeoeeoeoeoeooeeeoeoeoeeo
¥ STATEMENT OF PROBLEM .....c..ooieimieeeeeo oo oo 3 .
, REVIEW OF PREVIOUS EXPERIMENTAL STUDIES ...vovvvvevvveveeeee oo, 4
REVIEW OF THEORETICAL METHODS ......cvoviveeeeereeeeeeee oo e oo eees oo 8
QUASI-STEADY METHOD ..o oo e 9
TWO-DIMENSIONAL UNSTEADY METHOD .....coovoievieeeeeeee oo es e resrens 11
COMBINATION QUASI-STEADY TWO-DIMENSIONAL UNSTEADY METHOD ........ 12
THREE-DIMENSIONAL UNSTEADY METHOD .....cooooieieeeeoeoeee oo 13
EXPERIMENTAL METHOD AND RESULTS .ceovoiveeie oo 18
PROPELLERS AND WAKES ....oovoveveveieeeseereeeeesesseseesse e s e eesesees orooeeeseeoee oo 19
INSTRUMENTATION AND DATA ANALYSIS oot eevee e o 20 ‘
TEST PROCEDURE ..o eeveeseecessee s eses e s e se e eesees s eeesee s eeeeee e 99
EXPERIMENTAL RESULTS .ooovieeeeeeeeeeseeeeeress e seesesee s s st esesses e seesseeeesss e 99
C  .PARISON WITH THEORETICAL CALCULATIONS .eooooueeeeoeeeeeee oo, o7
CALCULATION TECHNIQUES . oot eeeoeee oo eeee e ses e e, 97 ‘
COMPARISONS ..ottt eae e s e s s s e sttt s et se e oo s oo eeee oo, 98
PARAMETRIC STUDY ..oooeooeeeeoeeeeeeoee oo e e es e eeee e s e e ee e eee e e 31
PARAMETERS AND CONDITIONS ... ovooveeeeeeeeeeeeevee e e esesseesseses s eves e 31
DISCUSSION OF RESULTS ooooovoeoeeee oot seeee et es e, 39
APPLICATION TO DESIGN oooooveeeeee oo eee oo eee e ee o sae s esee s s eeeses s e 34
SUMMARY AND CONCLUSIONS .ooooveeoooeee oo e, 35
STATEMENT OF PROBLEM .ooooooooveoeoeoeeeoeeeee e oot ee e 35
EXPERIMENTAL PROCEDURE AND RESULTS ....oooooooeeoeoeeeee oo 35
COMPARISON WITH THEORIES ..o oooo oo oo, 36
PARAMETRIC STUDY oot e s 37
CONCLUSIONS oo e, 38
RECOMMENDA TIONS - - o o e e 39
ii ~
. .




i

APPENDIX A — CHARACTERISTICS OF PROPELLERS ........ccccvecemrccneinnirenenrsesennes
APPENDIX B — CHARACTERISTICS OF WAKES .....c.cocoovniimremrenincnrecisssesserseeonne
APPENDIX C - CHARACTERISTICS OF DYNAMOMETER .......cccoccvivineicrirnmnnicenn.

REFERENCES ..ottt e e s e n e ene

LIST OF FIGURES

Figure 1 — Schematic of Problem ..........ccooooriioiiiiieeeeeeeeeeeeeeeeee e e e ee e eeeeenenn
Figure 2 — Velocity DIigram ..o et es eevenane
Figure 3 — Sears Function for Airfoil in Sinusoidal GUSt .......cccooevvereevereeeeiereeenens
Figure 4 — TeSt SELUP ....c.cooeiieiiiiiei ittt e bbbttt et e
Figure 5 — Three-Bladed Propaller Series ..............cccovvirviennecennncccceene e
Figure 6 — Three-Cycle Wake SCreen ...
Figure T — Four-Cycle Wake SCreen ... ieiennne
Figure 8 — Harmonic Content of 3-Cycle Wake ... e
Figure 9 — Harmonic Content of 4-Cycle Wake ...
Figure 10 — Forces and Moments Acting on Propeller ..o,
Figure 11 — Diagram of Instrumentation ...
Figure 12 — Typical Signals in 3-Cycle Wake ...
Figure 13 — Typical Signals in 4-Cycle Wake ... ...

Figure 14 - Harmonic Content of Thrust and Torque in 3-Cycle Weke ..................

Figure 15 — Harmonic Content of Side Forces Relative to Rotating

Coordinate System in 4-Cycle Wake ...

Figure 16 — Harmonic Content of Bending Moments Relative to Rotating

Coordinate System in 4-Cycle Wake ...

i

18
74
(£

76

40
40
41
41
42
43
43
44
44
45
45
46
47

48

48




[ Page
Figure 17 — Harmonic Content of Side F “rces Relative to Fixed
Coordinate System in 4-Cy..2 Wake ... 49
Figure 18 — Harmonic Content of Bending Moments Relative to Fixed
Coordinata System in 4-Cycle Wake ............ ... 50
Figure 18 — Experimental Blade-Frequency Thrust in 3-Cycle Wake .. ... .. 50 .
Figure 20 — Experimental Blade-Frequency Torque in 3-Cycle Wake .................. 51
Figure 21 — Experimental Blade-Frequency Side Forces in 4-Cycle Wake ................. 51
Figure 22 — Experimental Blade-Frequency Bending Moments in
4-Cycle WBKE .....coooiiccc e 52
Figure 23 — Experimental Blade-Frequency Forces and Moments at
DeSigN K g oo 52
Figure 24 — Experimental Phase Angles of Thrust and Torque ..., 53
Figure 25 — Experimental Phase Angles of Vertical and Horizontal
Side FOPCOS ....c..cocvviviieieeeeee et s 53
Figure 26 — Experimental Phase Angles of Vertical and Horizontal
Bending MOMeNts ...t v 54
Figure 27 — Correlation of Blade-Frequency Thrust over Range of
Expanded Area Ratio at Design K g ..o 54
| Figure 28 — Correlation of Blade-Frequency Torque over Range of
5 kxpanded Area Ratio at Design Ky ..o i 55
‘ Figure 29 — Corralation of Blade-Frequency Thrust over Range of
Advance Coefficient (EAR = 0.3) ... 55
Figure 30 — Correlation of Blade-Frequency Torque over Range of
Advance Coefficient (EAR = 0.3, ... 56
| Figure 31 — Correlstion of Experimental Blade-Frequency Thrust with
l Lifting-Surface Theory, Considering Skew (EAR =0.6) ..o 56
| Figure 32 — Correlation of Blade-Frequency Transverse Forces over
Range of Expanded-Area Ratio at Design K ... 57
| Figure 33 — Correlation of Blade-Frequency Bending Moments over
Range of Expanded-Area Ratio at Design Ky ... e 57
‘ v
|
; .




Figure 34 — Effect of Number of Blades and Blade Harmonic on
Fluctuating-Thrust Response ..............cccovicnrtiemmeninecsecneeesisecsinnes

Figure 35 — Effect of Expanded Area Ratio on Blads-Frequency Thrust ....................
Figure 36 — Effect of Pitch on Blade-Frequency Thrust ..........c.ccocooovmveerevnrernnersinnnn.
Figure 37 — Effect of Pitch on Blade-Frequency Torque ............c.cooierveevcencrncanene
Figure 38 — Effect of Skew on Blade-Frequency Thrust ............ccc..... et
Figure 38 — Propeller with EAR = 0.3 (NSRDC 4182) ......ccccccconevvccmimimmninciiniirieienes
Figure 40 — Unskewed Propeller with EAR = 0.6 (NSRDC 4118) ......c..cccoovnvverinrcnnanes
Figure 41 ~ Propeller with EAR = 1.2 (NSRDC 4183) ......cccoovvrernimenrinierenirerienines enns
Figure 42 — Skewed Propeller (NSRDC 4148) .......cccocooviurneriimirincrscreinnnescseseesiaesenene

Figure 43 — Open Water Characteristics of Propeller with EAR = 0.3
(NSRDC 4182) ..ot essb s saessnse sebene

Figure 44 — Open Water Characteristics of Unskewed Propeller with
EAR = 0.6 (NSRDC 4118) .....oouiviieieenrceeeiere et esases s eneens

Figure 45 — Open Water Characteristics of Propeller with EAR = 1.2
(NSRDC 4188) ...t ee e ses s eresees s ssssesess e senseees s s sssnssa e

Figure 46 — Open Water Characteriscics of Skewed Propeller (NSRDC 4143)..............
Figure 47 — Six-Compcnent Propeller Dynamometer Assembly .............ccoovceeevicnininenne,
Figure 48 — Six-Component Balance ...........ccc.oovriviiine i

Figure 49 ~ Arrangement of Strain Gages on Balance ... e

LIST OF TABLES

Table 1 — Test CONAItIONS ......c..cooiiiiiiririi e ettt et et eesaaees
Table 2 — Harmonic Content of 8-Cycle Wake ...

Table 3 — Harmonic Content of 4-Cycle Wake ...

60
60
61
81
62

82

68

64

65

87

88

89

70

71
2

[RIGIESRELIRI: S




S

4.0

B, %)

o)

EAR

e SR 2

R

NOTATION

Fourier cosine coefficients of longitudinal wake velocity
Q/V, inverse pitch of helicoidal sutface

Fourier sine coefficients of longitudinal wake velocity
Chord length

Pr~peller diameter

Expanded area ratio, expanded blade area divided by
disk area

Amplitude of harmonic of horizontel side force

Amplitude of harmonic of vertical side force

Amplitude of harmonic of lagging component of side force
rotating with propeller

Amplitude of harmonic of leading component of side force
rotating with propeller

Vy/nD advance coefficient
Bessel function of the first kind of order m

’F\"/pnzD‘ force coefficient based upon amplitrde of har-
monic of force

M/pn2DS moment coefficient based upon amplitude of
harmonic of moment

Modified Bessel function of the second kind of order m

Q/pn2DS torque coefficient based upon steady compcnent
of torque

6/pn205 torque coefficient based upon amplitude of har-
monic of torque

?/pnzD‘ thrust coefficient based upon steady component
of thrust

‘f/pnzD‘ thrust coefficient based upon amplitude of har-
monic of thrust
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Order of biede harmonic

Unsteady lift on a blade element

Quasi-steady lift or a blade element

Amplitude of harmonic of horizontal bending moment
Amplitude of harmonic of vertical bending moment

Amplitude of harmonic of leading component of bending
wwwoul rotating with propeller

Amplitude of harmonic of legging component of bending
moment rotating with propeller

Order of shaft harmonic

2nQ} revolutiona per second

Normal to helicoidal surface at loading point
Normal to helicoidal surface at control point
Propeller pitch

Perturbation pressure

Steady component of torque

Harmonic amplitude of torque

Radius of propeller

Descartes distance

Real part of [ ]

c(0.1R) - C7,(0.1R)/v Reynolds number of propeller
Radial coordinate of control point

Radius of hub

Lifting surface

Blade-loading distribution

Steady component of thrust
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Amplitude of harmonic of thrust

Time

Mean resultant inflow velocity

Local inflow velocity to propeller plane

Speed of advance

Local longitudinal inflow velocity to propeller plane
Fourier coefficients of wake velocity normal to the blade
Fourier coefficients of longitudinal wake velocity
Fourier coefficients of tangential wake velocity
Voluma mean velocity into propeller disk
Longitudinal coordinate of control point
Cylindrical coordinate system of control points
Number of blades

Advance angle of a propeller blade section

Total bound vorticity of blade section

Bound radial vorticity

Shed vorticity (see Figure 1)

Trailing vorticity {see Figure 1)

Efficiency of propeller in open water

Angular coordinate of loading point

Angular chordwise location of loading point
Projected section semichord length in radians

Propeller angular positic» relative to vosition where
M, - M
14

Initial anguiar position of loading point in pro:eller plane
2m-

i (m-1),m=1,2...2
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Wavelength of sinusoidsl gust velocity

Kinematic viscosity of the fluid

Cylindrical coordinate system of loading points
Radial coordinate of loading point

Mass density of fluid

Angular measure of blade skew

Angular skew at blade tip

Variable of integration

Angular coordinate of control point

Sears function

tan~! [4, "(r) /B, " (r)] phase angle of nth harmonic of wake
Angular chordwise location of control point
Angular position of control point in propeller plane
Linear chordwise coordinate

2rn/Z angular spacing between blades

Angular velocity of propeller in radians per second

Angular frequency of loading




ABSTRACT

Objectives of the present study are to measure the unsteady forces and
moments on & series of marine propellers due to circumferentially nonuniform
inflow; to correlate the measured unsteady thrust and torque with calcuiated
values, based on various proposed theories; and to investigate variation of
unsteady thrust and torque over & -aige of pertinent parameters, using the
method determined from those described to be the best available for calculating
unsteady loading.

All six components of unsteady loading were measured on a series of four
three-bladed propellers, consisting of three unskewed propellers of varying blade
widths and one with extreme skew in both 3- and 4-cycle flow fields. The experi-
mental results indicate that all components of blade-frequency loading increase
to some maxirium value then decrease with increasing expanded area ratio. The
extreme skew resulted in a reduction in blade-frequency thrust and torque to about
10 percent of the unskewed value and a reduction in side forces and bending
moments tc about 50 percent of the unskewed value.

Experimental blade-frequency thrust and torque were compared with values
calculated by the following techniques: quasi-steady, two-dimensional unsteady,
combination quasi-steady two-dimensional unsteady, and three-dimensional unsteady.
The thr se-dimensional unsteady theory yields the best correlation with experiment;
however, the numerical techniques employed breakdown for narrow-bladed propellers
and for propellers with blade overlap.

The parametric study reveals that for a given number of blades, blade fre-
quency thrust and torque can be reduced effectively by considerably skewing the
blades.

ADMINISTRATIVE INFORMATION

This report incorporates a Master of Science Thesis by Robert J. Boswell entitled

‘‘Measurement, Correlation with Theory, and Parametric Investigation of Unsteady Propeller
Forces and Moments,'’ submitted to the Department of Aerospace Engineering of the Pennsyl-
vania State University in August 1967, with additional data not presented in the thesis. The
work was initiated at the Naval Ship Research and Development Center under authorization of
Naval Ship Systems Command Subproject S-F013 01 03, Task 10441, NSRDC Problem 526-111
and was completed under Naval Ship Systems Command Subproject S-F113 11 09, Task 3801,
NSRDC Problem 526-150.
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INTRODUCTION

The problem under consideration concerns the unsteady loading produced on a propeller
operating in a circumferentially nonuniform velocity field. An understanding of this problem
and its satisfactory solution are of particular importance in the field of marine propulsion in
which propellers operate in the wake of the propelled body. Similar problems arise in
rotating propulsors of various types such as pumps, compressors, turbines, and fans. The
circumferential nonuniformity of the inflow causes the blade elements to experience periodic
variations in inflow velocity and angle of attack, resulting in undesirable fluctuations in
local loading. This unsteady loading produces unsteady forces and moments which are
transmitted through the propeller shafting and bearings and often produce severe vioration
and noise. Forces of this type are commonly called wake-bearing forces.

However, reaction to circumferentially nonuniform inflow is not the only mechanism by
which the propeller may produce unsteady loading on the vessel. As a consequence of the
loading and finite thickness of the propeller blades, a pressure field is created around the
propeller. This pressure field creates a time-dependent pressure fluctuation at a fixed point
on the body in the proximity of the propulsor. Unsteady forces transmitted to the body in this
manner are commonly known as pressure forces.

The unsteady loading on the body produces a reaction at the propeller causing unsteady
loading on the propeller blades. The resultant unsteady forces and moments on the propeller
are transmitted back to the vessel through the propeller shafting and bearings. Hence these
forces produced by interactinn with the solid boundary are called interference-bearing forces.
These pressure forces and interference-bearing forces may occur regardless of whether the
flow into the propeller plane (in the absence of the propeller) is uniform or nonuniform. This

report pertains to only the wake-bearing forces.

IMPORTANCE OF STUDY

Many calc.lation schemes, based on theories of various degrees of sophistication,
have been proposed for predicting the wake-bearing forces. These theories may be generally
classified as follows: quasi-steady, utilizing steady-state propeller tests; quasi-steady,
utilizing steady-state lifting-line techniques; two-dimensional along a strip, using unsteady
airfoil theory; combination techniques, using both unsteady two-dimensional corrections and
quasi-steady three-dimensional corrections; and three-dime.sional unsteady techniques.

The range of validity of these various theories has not been established because of
the lack of systematic reliable experimental data. Available experimental data have been,
in the past, either of questionable accuracy, not systematic, or not sufficiently extensive;
or they may have included contributions from extraneous influences such as pressure forces

and interference bearing-forces not considered in the theories.




Thus, there is a clear need for accurate fundamental experimental measurements of
unsteady loading solely attributable to the circumferential nonuniform inflow. These measure-
ments should be accurate and should systematicaliy cover a wide range of the most important
parameters. Blade width is especiaily important since, to a great extent, it determines the
effective reduced frequency, blade aspect-ratio, and the amount of blade interaction. The
two-dimensional unsteady theory and several of the three-dimensional unsteady theories
assume large aspect ratios; hence, it is of interest to establish the limit of aspect satio for
which these theories might yield reasonable predictions. The quasi-steady techniques assume
zero reduced frequency; thus, it is important to establish the limit of reduced frequency to
which these may be applied. The two-dimensional theory completely negiects interaction
between the blades, and several of the three-dimensional techniques consider interaction
effects very approximately; hence, this might limit the application of these techniques to
relatively narrow blades.

Another important parameter is blade skew. With skew, the blade sections at the
various radii will enter the high-wake region at different times. Intuitively, this will produce
a phase variation of loading with radius and thus reduce the amplitude of the net fluctuating
loading. However, the magnitude of the reduction in loading with skew, and how closely
this can be celculated, is not yet established.

Since there are a large number of parameters, and such experiments are very expensive
and difficult, it is not feasible to conduct experiments for & complete ran~e of conditions.
Such a parametric study must be conducted theoretically. However, to establish confidence
in any theory, sufficient comparable experimental data must be available to determine the
accuracy and range of validity of the particular theory.

Once confidence in a particular calculation scheme is established, then a theoretical
parametric study would be of great importance in establishing the variation of unsteady load-
ing with various parameters. Such information is essential for a rational approach to the

design of propulsors that can keep vibratory forces and mome...s at & minimum.

STATEMENT OF PROBLEM

Keeping the previously described considerations in mind, the present study has been
planned with the following objectives:

1. To obtain a fundamental set of accurate experimental measurements of the unsteady
forces and moments produced on marine propellers by circumferentially nonuniform inflow.
These experiments duplicated the important basic assumptions of the mathematical models:

a known velocity field and an absence of nearby boundaries. The propellers and velocity
fields were carefully selected to permit isolating the effect of important parameters and
determining the range of applicability of the various theories. In particular, quantitative data
were obtained on the dependence of the components of unsteady loading upon blade width and
akew.
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2. To determine the range of validity of the various calculation technic ses by compuring

.
|

experimental blade-frequency harmonics of thrust and torque for e range of blade widths with
: calculated values hased upon the following approaches: quasi-steady, using uniform flow
tests; quasi-steady, using steady-state lifting-line theory; two-dimensional unstes’y; cor.-
bination quasi-steady and two-dimensional unsteady; and three-dimensional unsteady.

3. To undertake a parametric investigation utilizing the thus determined best availabie
method for predicting unsteady thrust and torqua to obtain an understanding of the effect of
various propeller parameters on unsteady loading. The variation of fluctuating thrust and
torque with pitch, blade width, and skew and the relative thrust and torque res; .nse with
number of blades and blade harmonic were investigated.

Previous experimental studies related to the present work as well as the various

theoretical treatments previously described are reviewed in the next twn sections.

REVIEW OF PREVIOUS EXPERIMENTAL STUDIES

The first measurements were made by Lewis! in 1935. He measured the total (bearing
plus pressure) force on the stern of a twin-screw commercial ship moael, seiting the desired
direction of the force by adjusting the relative angular position of the two propellers. ile
measured the surface forces alone by driving the propellers from & (ollowing model =o that
there was no connection between the propellers and the forward model upon which the forces
were measured. He then found the bearing forces by vector subtraction of the measured sur-
face forces from the measured total forces.

Lewis and Tachmindji? latc- extended this technigue to single-screw merchant ships.
Here the direction of the fotce cannot be controlled; thus, both vertical and horizontal forces
act upon the model simultaneously. Interaction problems due to the nonsymmetric elastic
properties of the models produced considerable difficulty.

Later investigators measured the unsteady bearing forces directly. Resonance and
interaction problems limited the earlier investigations to low frequencies and either thrust
and torque or trensverse forces and bending moments. Wereldsma® was the first to measure
all six compcrents of forcc and moment simultaneously.

Several investigators have conducted extensive measurements of the various components
of bearing force and moment behind realistic single-screw hull configurations. The primary
objective of these measurements was to obtain information regarding the dependence of the
various components of force and moment on the geomstry of the stern aid propeller (particularly
the number of blades). Van Manen and Kamps* measured the effects of radical variation in
ship afterbody shape and propeller geometry on the unsteady thrust and torque. For two

tanker stern configurations, Van Manen ond Wereldsma’ measured the dependence of the

1R»fweﬂcexs are listed on page 76.




fluctuating thrust, torque, «nd bending moments on the number of blades, blade-outiined s spe
type cf rudder, and the draft of the veasel. Kumai et al.® measured the lependence of &ll six
compenents of propellcr loading on the number of biades for two different tanker " >rn
configurations. Both Van Manen and amps and Van Manen and Wercidsma measured orly the
axial component of wake (no harmonic analysis was performed), and Kumai presented no wake
data. The primary conclusion from these studies is that for a single-acrew commercial ship,
a propeller with an even number of blades produces large blade-frequency thrust and torque
and small transverse forces and bending moments, whareas an odd number of blades produces
smaii blade-frequency thrust and torque but large transverse forces and bending moments.

Extensive measurements of the aependence on blade-area ratio of the thrust and torque
variations with four-bladed propeliers as well as iransverse force and bending moment varia-
uions with five-bladed propellers were conducted by Krohn?+® behind a single-screw commer-
cial shipmodel. In each series, the blade-area ratio varied from 0.35 to 0.75 while all other
parameters were held invariant. The measured ‘unsteady thrust and torque were comgared witl
calculated values, based on a combination quasi-steady two-dimensional unsteady theory
developed in the report and the combination theory of Ritger and Breslin.? The transvarse
forces and bending moments were compared with the former theory only. The measuremente
and both theories indicated that all forces and moments increased with blade width. The
theories agreed with the measured thrust and torque within 100 percent and with transverse
forces snd bending moments within 10 percent.

Hadler et al.!® measured the alternating thrust on two different submerged submarines,
both the model and the fuil scale. The full-scale measurements were plagued by hull and
shaft resonances. The measurements were compaced with calculated values based upon the
quasi-steady techniques developed at the Center by McCarthy,!! Yeh,!? and Haskins and
elsewhere by the combination technique of Ritger and Breslin.®

In 1963, Lewis!3 adapted the techniques he developed in 1935 to measuring the inter-
action and wake-bearing forces in a water tunnel. He measured the force on a strut in close
proximity to the propelier, with and without the propeller shaft connected to the strut, both
in a uniform flow and in a circumferentially nonuniform flow produced by screens. The
interaction-bearing force was then the vector difference of the forces measured on the strut
in uniform flow with and without the propeller shaft connected to the strut. The wake-bearing
force was the difference between the total force, measured with the propeller shaft connected
to the strut and the propeller operating in the wake and the corresponding force measured in
uniform flow. In these experiments, Lewis determined only the transverse components of
propeller-bearing forces (i.e., fluctuating thrust and torque was not determined).

An important result of the Lewis experiments is that the interaction of a body with the
propeller can produce sizeable fluctuating-bearing forces. Hence in any attempted correlation
with theories which predict the fluctuating-bearing forces due to circumferentially nonuniform

inflow, it is imperative that the experiment not contain fluctuating loading due to interactions




with solid boundaries. Lewis compared his measurements of wake-bearing forces for one
propeller with predictions based on the two-dimensional sinusoidal gust thoory of Sears'*
and obtained agreement within 10 percent.

For evaiuating methods of calculating unstesdy propeller lcading due to circumferen-
tislly nonuniform inflow, measurements made behind realistic bodies have many shortcomings:

1. As shown by Lewis!3 the presence of a solid boundary in the proximity of the propeller
may produce unsteady propeller loading of the same magnitude as that produced by the non-
uniform inflow. The theoriea to be evaluated herein do not consider these potential flow
interaction effects (image effects). Theru is presently no method of calculating these inter-
action effects for the complex geometries of realistic propelled bodies.

2. There are also interaction effects due to viscosity. The action of the propeller may
produce a reduction in the adverse pressure gradient on the after portion of the propelled body.
This will alter the boundary layer profile and delay separation (if separaiion exists). This,
in turn, may considerably alter the harmonic content of the velocity field from that measured
in the absence of the propeller. This interaction effect is expected to become more important
as the afterbody becomes fuller or closer to the propeller. Burstein!S found a considerable
variation in harmonic content of the wake of a body of revolution with fins, depending on
whether or not the propeller was operating.

3. The megnitude of the measured quantities is generally small, thus causing reduced
accuracy in the measurements. This inaccuracy applies to the measured forces and moments
as well as to the wake data upon which the calculated forces and moments depend.

In attempting to obtain a better understanding of the mechanism of the wake-bearing
.orces, seversal investigators have conducted experiments in which one or more of the afore-
mentioned effects are eliminated.

Tachmindji and Dickerson!® measured fluctuating thrust in & water tunnel on one
propeller operating in wakes, produced by an upstream strut at various angles of attack.
However, they did not define the inflow velocity fieldsin sufficient detail to allow rotational
comparison with theory. Also, the low natural frequency of the shafting system causes some
doubt concerning the validity of these resuits.

In an attempt to provide systematic experimental data to check theoretical calculations,
Wereldsma!7-18 conducted two series of experiments. All six components of unsteady loading
were measured on a series of propellers operating in wakes produced by upstream flat plates
parallel to the flow and intersecting the propeller axis. The propellers were powered by a
vessel situated downstream and towed with the plate configuration.

In the first series of tests, Wereldsmal” measured all six components of loading on a
series of three-, four-, and five-bladed propellers operating in two different ‘‘simple’’ wake
patterns, produced by single plates. One plate extended frc. ihe prc eller axis beyond the
propeller diameter in one direction and the other extended beyond the propeller diameter in

both directions. Onlv one plate was used in a given test. The propeller series was designed




so that the effect of blade-area ratio, skew, blade gap, and the applicability of the principle
of superposition coulu be studied.

The wakes generated by the single flat plates did not exhibit large amplitudes in the
harmonics which produced loading on the propeliers tested. This resulted in reduced accuracy
of the measurements. Also, the amplitudes and phases varied with harmonic number. Since
propellers with different numbers of blades are sensitive to different harmonic components, it
is difficult to draw conclusions from direct comparisons of the results for propellers with
different numbers of blades. Thus definite conclusions on the effect of blade gap and the
appiicability of the principle of superposition could not be drawn.

To remedy the problem of weak signals, Wereldsma!® modified the geometry of the
wake-producing plates. He replaced the single plates by a radial fan of equally spaced plates
equal in number to the number of propeller blades, thus developing strong blade-frequency
harmonics in the wake. Only unsteady thrust and torque were meesured on a series of three-
and five-bladed propellers of varying blade widths, including one propelier with skew. The
downstream vessel was close to the propeller and thus produced nonsymmetrical inflow
disturbances in the plane of the propeiler. Hence, the wake displayed relatively large first-
and second-shaft harmonics.

The nonuniform inflow field, measured in the propeller piane in the absence of the
propeller, is the result of the viscous wakes of the flat plates. Thus, the possibility still
exists, although less than if the wake-preducing body were blunt, that action of the propeller
alters the harmonic content of the incoming flow. Also, the solid boundary of the downstream
vessel can cause unsteady locading on the propeller due to potential flow interaction (image
effects).

Wereldsma made no detailed comparison with theory. However, he showed that for the
two-dimensional sinusoidal gust problem, the lift increased when the chord length increased
for a fixed gust frequency. Thus he concluded that the two-dimensional strip approach
predicted a monotonically increasing lift with increasing blade width. This is not necessarily
true since reduced frequency is a function of radius, producing a variation of the phase of lift
(thrust) with radius.

Brown!? measured the blade-frequency thrust and torque in & water tunnel in a nonuni-
form inflow field generated by upstream nozzles. The velocity field was adjusted so that the
biade-frequency harmonic dominated, thus produciag strong blade-frequency thrust and torque
signals. Unfortunately, Brown tesied only one propeller in one wake pattern and could not
draw conclusions regarding the effect of propeller and wake geometry on the unsteady loading.
Brown compared his measurements with two-dimensional unsteady strip theory and with his
own three-dimensional theory. The strip theory was about 20 percent high, whereas the three-
dimensional theory was about 30 percent low.

Measurements have recently be 'n made2°-2! of the unsteady loading on a single blade
rather than the net unsteady loading on the propellar shaft. This method has the advantage of
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being able to determine loading frequencies that would otherwise be canceled by the effect of
the other blades. Huse?? applied this technique to measuring fluctuating thrust, torque, and
bending moment on one four-bladed propeller behind a model tanker hull and drew conclusions
regarding the optimum axial propeller position. Rousetsky et al.?! have not yet reported
exporimentsl resuits.

Expanded area ratio (EAR) is the propeller parameter most extensively studied
experimentally. However, the available data are so inconsistent that the trends with blade
width cannot be determined. Wereldsma!7 concluded that thrust and torque decreased with
iﬁcreasing EAR wherees side forces and bending moments increased with EAR. But his
study was limited to relatively high values of EAR (0.60 < EAR < 1.0). Krohn,”+8 on the
other hand, concluded that all six loading components increased with increasing EAR. But
his study was limited to relatively low values of EAR (0.35 £ EAR < 0.75). Shuster?? (as
cited by Krohn) concluded from a collection of various measurements that thrust and torque
decreased with increasing blade width. Recent results obtained by Wereldsmal® for three-
bladed propellers in a 3-cycle wake indicated that thrust monotonically decreased as EAR
increased from 0.4 to 1.2. However, the corresponding torque increased as E AR increased
from 0.4 to 0.6 and decreased for further increase in EAR. This difference in tendency
between thrust and torque is inconsistent and causes some doubt concerning the validity of
the Wereldsma results. Apparently Wereldsma doubted the torque measurement at £EAR = 0.4.
He stated, *‘ Generally it can be concluded that for increasing blade-area ratio, the fluctua-
tions reduce considerably, although the disturbed inflow remains the same for the various
propellers.”’

From this brief review of previous work it can be concluded that there is a need for
reliable experimental data with which to evaluate the various theoretical techniques. Further,
there i + need for reliable information on the variation of unsteady loading with the important
-opeller parameters.

REVIEW OF THEORETICAL METHODS

Figure 1 shows a schematic representation of the flow field geometry considered in
this study. The vector field represents the circumferential variation of the incoming velocity
at one radius. The velocity field is the steady-state wake of the upstream body.* As the
propeller blade advances along a helicoidal path, this velccity variation has a component
normal to the resultant inflow velocity; hence, the blade section experiences a time-dependent
a1 ~le of attack variation. The wake also has a component parallel to the resultant inflow
velc ~ity, producing a time-dependent surge velocity. However, the effect of this surge velocity

*Turbulen. velocity fluctuations are not considered in th!s report. The response of a propulsor to turbulence was
considered by Se /ik, 23




is generally very small. The time-dependent angle of attack at each radius produces a time-
dependent circulation and hence v.me-dependent vorticity in both the radial and stream
directions, both on the blades and in the downstream wake. In this report the vorticity in the
wake in the radial direction is designated the ‘‘shed vorticity’* y, and the vorticity in the
wake in the direction of the stream is designated the ‘‘trailing vorticity’’ y,.

The problem is complicated by the complex geomotry

The blades are generally of low-aspect ratio with arbitrary outline.

There is generally a substantial interaction between the blades.

The blades and downstream vorticity lie on helicoidal surfaces.

I L

The harmonics of the wake vary radially in both amplitude and phase.

Since the inflow velocity is considered to be a function of space only, it can be
resclved into Fourier components with the propeller rotational frequency (shaft frequency) as
the fundamental. In a like manner, the loading can be rasolved into a Fourier series with the
same fundamental. If linearity between the inflow velocity and the propeller loading is

assumed, then the amplitude of each loading frequency is a function only of the comresponding
frequency of the incoming velocity. Most of the theories assume such linearity.

As shown in the literature,?* only those harmonics of loading which are integer multi-
ples of blade frequency (kZ) contribute to the unsteady thrust and torque, end only those
harmonics of loading adjacent to multiples of blade frequency (¥Z * 1) contribute to the
unsteady transvarse forces ard bending moments. All other harmonics of shaft frequency
cancel when summed over the blades. This cancellation is a consequence of the symmetry
of the propeller (assuming that the biades are identical and equally spaced) and is independent
of the type of theory used for determining the loading. Further, within the assumption of
linearity, only the corresponding harmonics of the wake contribute to the respective compo-

nents of loading. Thus, if linearity is accepted as being approximately true (and available
ﬁ information seems to confirm this), selection cf the number of blades can be based on the
relative strengths of the harmonics in the wake and the response characteristics of the vessel
so that the probability of vibration witkin a specified speed range is minimized.

Basically four different methods have been applied to calculate the unsteady forces
and moments on marine propellers caused by circumferentially nonuniform inflow. These are
quasi-steady, two-dimensional unsteady along a strip, combination \uasi-steady two-

dimensional unsteady along a strip, and three-dimensional unsteady.

QUASI-STEADY RETHOD

The quaui-steady theory completely neglects the influence of sll time-dependent effects
on the loading. The instantaneous loading at any time is taken to be the loading which would
occur if the propeller were operating continually at the instantaneous inflow conditions.

There are basically two techniques used for applying the quasi-steady method (1) uniform-

flow propeller tests, and (2) steady-state propeller theory.

9
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In using uniform-flow propeller tests (open water tests), the assumption is made that
the average inflow conditions, from root to tip, may be determined at each angular position of
s propeller blade in & wake. In the most general approach,!! an effective line of sncounter
considering blade skew is assumed, and a weighted radial average (such as a volume or a
thrust mean) of the longitudinal and tangential inflow velocity is taken along this line. Some
less general techniques consider only the inflow conditions at a representative blade radius?5:26
and most proposed techniques neglect the effect of skew.25-27 The effective inflow condi-
tions thus determined at each angular position of the blade are then used in entering the
open water performance curves of the propelier to determine the instantaneous thrust and
torque coefficients of the propeller. An harmonic analysis is performed to determine the
harmonic content of the thrust and torque variation. A slightly different approach entails
performing an harmonic analysis on the effective inflow conditions and entering the open
water characterization curves to determine the ampiitude of the corresponding blade-frequency
harmonic of thrust and torque.25:26 The latter approach implicitly assumes that the loading
varies linearly with the wake, whereas the former approach does not.

In using steady-state propeller theory, & propeller-design procedure is worked inversly
so that the radial load distribution is determined for the local inflow conditions at each
angular position of the propeller blade in the circumferentially nonuniform inflow field.
Quasi-steady calculation procedures have been proposed by Ritger and Breslin® and by Yeh,!2
based upon the Burrill propeller design method;23 by Lotveit,2? based upon the Hill propeller
design methed;3° and by Haskins at the Center, bssed upon the Eckhardt and Morgan propeller
design method3! together with the Lerbs induction factors.3? These design procedures are
all lifting-line techniques, the primary differences being the criterion used for optimum circu-
lation distribution and the manner of applying corrections for both lifting-surface and viscous
effects. They are intended to accurately aseign pitch, camber, and thickne. s to the blades
for a single operating condition. However, in calculating fluctuating loading, where local
inflow conditions must be considered, there may be large deviations from the average inflow
conditions assumed iu the propeller design. Thus successful use of these techniques to
calculate fluctuating forces in a quasi-steady manner depends upon the success with which
moan thrust and torque over a wide range of inflow conditions can be predicted by using them,

All the previously mentioned design procedures employ the Goldstein factors®3 which
are derived for the special case of optimum circulation distribution along a blade. For locally
varying wake, the Lerbs induction factors which consider arbitrary circulation along a blade,
should be used, rather than the Goldstein factors for calculating induced velocities. Only the
Haskins method among the proposed quasi-steady calculation techniques uses the Lerbs
induction factors. McCarthy!! presents a thorough review of the quasi-steady technique.

The quasi-steady technique totally neglects all influence of the shed vorticity. Ata
given angular position of a blade the strength of the trailing vorticity is assumed to be
independent of downstream angular position. Its strength is determined by the gradient of the
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bound vorticity associated with the wake at the effective line of encounter of the blade

dr‘B
Vo= o
Since the shed vorticity is neglected, its effect in mitigating the effective angle of attack
variation is neglected. Thus, the variation of the bound vorticity and the radial gradient of
the bound vorticity is overestimated. Therefore the magnitude of the variation of the trailing
vorticity with blade angular position is overestimated, which resuits in an cverestimation of

the influence of the trailing vorticity.

TWO-DIMENSIONAL UNSTEADY METHOD

The two-dimensional unsteady technique considers the section at each radius as a
two-dimensional airfoil, operating in the local resultant inflow velocity field. This method
has been proposed by Lane,34 Lewis,!3 Ryall,35 and Sevik3® and has been applied by
Casellini.37 All three-dimensional influences: (such as finite aspect ratio, helicoidal geometry
of the propeller blades and the downstream wake, and blade interaction) are totally ignored.
In each radial strip, the component of the pertinent wake harmonic normal to the resultant

inflow velocity is determined from the relationship; see Figure 2
V(1) =V *(r) cos B -V "(r) sin B

The effect of the harmonics of the wake component parallel to the resultant inflow velocity
(sinusoidal surge velocity) is generally small and is thus neglected or coasidered in a quasi-
steady manner, The response to tne harmonics of the wake component normal to the resultant
inflow is obtained from the Sears!? two-dimensional sinuscidal gust theory. According to
Sears, the lift on a blade element is

Z(r) = Relnpe(r) Uir) Vy(r) elote (k)]

where Re[ | is the real part of the expression,
o(r) is the chord length,
[Z(r) is the resultant mean inflow velncity,
Vy"(r) 1s the harmonic amplitude of veloucity normal to chord,
w is the incidence frequency of gust,
is the reduced frequency, and
(k)  is the Sears function.

The Sears function ¢(k) is defined by

K | (tk)
k) = Wy (k) ~iJ, (K] 7 iJ (k)
1

(k) + Ko(ik)
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where the J's and K’s are Bessel functions of the first kind and modified Bessel functions of
the second kind, respectively. Figure 3 showe a plot of the Sears function. The reduced
frequency is defined as

wC

k=—

20,

This may alternately be expressed as the ratio of the two length scalesof the flow field

k=22
A
where A is the wavelength of the sinusoidal gust. For propellers, the reduced frequency is
very closely approximated by

’C=nob

whore 8, is the projected semichord expressed in radians. The magnitude of reduced frequency
is a direct measure of the unsteadiness of the flow field. For low reduced frequency, or long
wavelength relaiive to the chord, the effects of unsteadiness are small, and the unsteady lift
approaches the quasi-steady lift in both amplitude and phass.

The quasi-steady two-dimensional fluctuating lift is

Los(r) = Relmpe(r) U, (r) Vy(r) € ']

Thus the ratio of the unsteady to the quasi-steady amplitude is
L

———

sk
LQS

The two-dimensional unsteady technique completely neglects the effect ot the trailing
vorticity. The effect of the shed vorticity within a small radial segment is considered in a
two-dimensionai fashion, and the influence of the shed vorticity in other radial segments and
from other blades is totally ignored. The shed vorticity is assumed to foilow a linear path
rather than a hetical path. Since the trailing vorticity is neglected, its effect of mitigating
the effective angle of attack variation is neglected. The magnitude of the shed vorticity is
directly proportional to the angle of attack variation; therefore, the magnitude of the shed
vorticity is overestimated. Thus this method overestimates the effect of the shed vorticity

and neglects the trailing vorticity.

COMBINATION QUASI-STEADY TWO-DIMENSIONAL UNSTEADY METHOD

In the combinstion techniques, the unsteady effects are deternined by two-dimensional
methods similar to those discussed in the previous section. [n addition. quasi-steady three-

dimensional corrections are applied from steady-state propeiler theory in 8 manner similar to

that discussed in the section on quasi-steady methods.




Ritger and Breslin? extended their quasi-steady technique based on the Burrill
propeller-design method by multiplying the component of quasi-steady lift due to the fluctuat-
ing normal velocity by the Sears function. Moreover, the much less significant effect of the
surge velocity fluctuations was considered only in a quasi-steady manner.

Reed and Bradshaw38 also developed a combination method based upon the Burrill
propeller design procedure. The component of quasi-steady lift due to the fluctuating normal
velocity is adjusted by multiplying by the Sears function. The comporent of quasi-steady lift
due to the fluctuating surge velocity is adjusted by application on a strip of the technique
developed by Greenberg3? for calculating the unsteady lift of a two-dimensional airfoil due to
a sinusoidal surge velocity.

Krohn7+8 developed a combination technique whereby the lift in each radial strip was
initially calculated by direct application of the Sears two-dimensional sinusoidal gust theory
as discussed in the previous section. This two-dimensional unsteady lift was then modified
by dividing by the camber correction coefficients as applied in the Eckhardt and Morgan
procedure for propeller design. No three-dimensional corrections were applied to the incoming
angle of attack variation.

The combination quasi-steady two-dimensional unsteady technique coasiders the trail-
ing vorticity in the same manner as does the quasi-steady technique. However, the effect of
the shed vorticity as considered by the two-dimensional approach is then superimposed.
Hence this method overestimates the effect of both the trailing and the shed vorticities.

A three-dimensional unsteady theory is necessary to account for the time-dependent

effects of both the trailing and shed vorticity in a consistent manner.

THREE-DIMENSIONAL UNSTEADY METHOD

Hanaoka*? formulated a linearized unsteady lifting-surface theory for calculating the
unsteady propeller loading in incompressible potential flow. He assumed that both the lifting-
urface and trailing vorticity lay on e predetormined helicoidal surface of constant pitch and
considered any deviation from this surface by either the flow or the lifting surface as a small
perturbation. The Hanaoka theory is applicable to unsteady flow due to rigid body oscillation
of the propeller, escillation of the propeller blades, and circumferentially nonuniform inflow
velocity. The problem under consideration in this report involved the special case of a rigid
propeller operating at constant angular velocity and speed of advance in a circumferentially
nonuniform inflow field. Hanoka derived the following higher order singular suface integral
equation, relating the known unsteady downwash distribution on the blades to the unknown

unsteadyv loading distribution*!
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where V) "(r) is the known amplitude of relative velocity normal to helicoidal surface
given by z = ¢,/a,
Ap is the unknown pressure jump across lifting surface,

z, r, ¢ is the cylindrical coordinate system of control points

€+, 0 is the cylindrical coordinate system of loading points,
_ 1

R ={(r'-—€)2 +12+p2 - 2 cos (6 - b + 6, -a(7"~2)] llé,

the Descartes distance between load point and control point,

d 1 9
—_— (a —_——— —), directional derivative normal to helicoidal
V1 + a?p? 9 02 3% / surface at loading ~oint, and

d e 1 4
— = _r_ (a —_——— —--) directional derivative normsl to helicoidal
dn Ji+a22\ 92 2 9¢5/ gurface at control point.

Hanoka mathematically investigated in detail the propertis f the kernel function and the
finite contributions of the singularities. However, he did ... ‘orform a numerical evaluation
of this extremely complex integral equation.

Subsequently, several investigators have attempted to numerically evaluate Equation
[1] for the case of a nonoscillating rigid propeller in circumferentially nonuniform inflow with
the aid of various assumptions regarding the propeller geometry and loading.

Greenberg*? simplified the unsteady lifting-surface equation to allow contributions from
the various influences (o be considered separately e assumed that the blade self-induced
dowrn~ash was that caused by a tangent flat plate of finite aspect ratio operating in rectilinear
flow plus that due to a small helical correction, which was approximacely accounted for. The
induced downwash from the bound vorticity of the other blades was considered in a lifting-line
sense and was thus zero. The shed and trailing vorticity of the other blades was represented
as a cascade, and the induced downwash was calculated by two-dimensional strip theory.
Greenberg concluded that the propeller could be represented by a plane wing and its wake,
since the interactions and the helicoidal effects were small.

Brown!? simplified the lifting-su~* ‘e equation by expressing the induced velocity at
& point on the blade as the sum of the induced velocity caiculated by the two-dimensional
sinusoidal gust theory and a three-dimensional two-dimensional ‘‘downwash difference.’

This correction of downwash difference to two-dimensional strip theory was approximated
from a lifting-line model of the propeller. In this model, the downwash di{ieronce was
caiculated along a radial line which also served as the location of the concentrated bound

vorticity, the line of encounter of the incoming flow, the locus along which the boundary




condition was satisfied, and the line from which the shed vorticity emanated. In addition to
neglecting the chordwise boundary conditions for three-dimensional effects (implying narrow-
bladed propellers), was the curvature of the leading and trailing < ;yes neglected on this
model, which meant that the important radial phase variation of the downstream vorticity was
not properly taken into account.

Yamazaki*3 numerically evaluated the unsteady lifting-surface equation under the
assumption that the chordwise loading distribution in the harmonic of interest was the same
as that of an inclinec flat plate (y,B = cot §,/2), where 0 was an aigular measure of the
linear chordwise coordinate y; 6, was defined by x = - ¢/2 cos 64, with y = - ¢/2, and
6q = 0 at the leading edge, and x = + ¢/2, and 6 = n at the trailing edge. The chordwiso

boundary condition was then satisfied by a weighted average by application of the Glauert

lift operator
m

l! £ 1(1 - cos ¢ ) diy

n

where ¢, was the control point coordinate defined by x = - ¢/2 cos ¢,. This, in effect,
reduced the surface integral equation to a radial line integral equation. The use of only one
chordwise loading mode, implied that the interaction with the other blades and blade sections
could affect only the magnitude of the chordwise load distribution. Interactions which affected
the shape of the chordwise load distribution were neglected. For the limited example calcu-
lated by Yainazaki, this method yielded unsteady thrust and torque predictions which were
approximately the same as the quasi-steady predictions.

From 1962 to 1967, the Davidson Lsaboratory, under NSKRDC contract, conducted a
series of investigations in which the unsteady lifting-surface equatior was numerically
evaluated under successively less restrictive assumptions regarding the propeller geometry
and the chordwise loading distribution.

The following fundamental simplifications have been retained (except as noted) through-
out tiie Davidson Laboratory evaluatiors of Equation {1].

1. The dire~tional derivatives normal to the helicoidal surface are replaced by directional
derivatives in the axial direction

p <a Jd 1 d d
1+ a2p? a¢ p? 0,) 9
\
r d 1 4 d
—e— e — - — R —
/1 + a2s2 daz f2 ddg dz

2. The heliroidal surface of integration both on the blades and in the downstream w "o

is approximated in a staircase manner. That is, integration over the helicoidal surface

<= ¢y/a
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is replaced by integration over the series of planar segments

1 211)
2m = (—im
e \Z

where m is an integer whose value depends upon the interval of ¢, as follows
1\ 2n .].‘. &'.
('"- 5‘)7<¢o< ("” 2) Z

In the earliest evaluation, Shioiri and Tsakonas** applied the Weissinger approxima-
tion*S in which the vorticity was concentrated at the 1/4-chord position and the tcundary
condition was satisfied at the 3/4-chord position.

Rather than satisfy the actual boundary condition at the 3/4-chord positiu., Shioiri
and Tsakonas applied the Glauert lift operator to satisfy the boundw  condtion by & weighted
average over the chord. This means that if the chordwise normal induced velouity distribution
is exprer sed as

Vo(r) = 3o Va(r) cos mg, (2]
m=1

then the boundary condition due to only the first two terms of Equation [2] (i.e., V()
=~ V1(f) cos ¢,) is satisfied at the 3/4-chord position. Such a technique yields the same
result as thin airfoil theory for the steady two-dimensional case.

To examine the suitability of the Weissinger model in the unsteady case. the authors
compared its predictions with those cf the Sears sinusoidal gust theory for two-dimensional
flow. This comparison showed that even for two-dimensional flow, the error due to the
Weissinger approximation increased with reduced frequency so that the Weissinger model was
in error by 50 percent or more in the reduced frequency rangs of interest (1 < k < 8) in marine
propellers. This was because the nc...al induced velocity distribution was not adequately
spproximated by Vy(r) - V,(r) cos &_ f=r igh reduced frequencies.

The Weiasinger approximsation assumed that the downstream radial and stream directive
vorticity started at the 1/4-chord position. This assumption neglected radial phase variation
in the downstream vorticity due to the curvature of the leading and trailing edges. Because
of the general chordwise distribution of the induced velocitiesin the unsteady case, satisfying
the boundary condition only at the 3/4-chord position was not justified here.

Taakonas and Jacobs*® solved the unsteady lifting-surface equation under the assump-
tion that the chordwise circulation distribution in the harmonic of interest was the same as
that of an inclinod flai plate. The chordwisc boundary condition was then <atisfied by a
weighted average by using the Glauert lift operator. Fundamwntally, this was the same
approach used by Yamazaki.43 Tsakonas and Jacobs further assumed that the propaller
blades had a sector-type outline so that both the leading edge and the trailing edge would be
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radial straight lines. This unrealistic blade outline exaggerated the effect of the blade
sections toward the tip, implied that the reduced frequency was constant with radius, and
neglected the curvature of the blade leading and trailing edges which eliminated important
spanwise phase variation,

Tsakonas et al.4! have recently numerically evaluated the unsteady lifting-surface
integral equation considering a large number of chordwise loading modes. The chordwise
load distribution is expressed by the Birnbaum series

1 o, sin(n-1) 6§,
S(p, 9.;.)=-”-§L‘(p)<=0t 3 Z L™(p) —
n=2

This serivs, which is commonly used in two-dimensional airfoil theory, produces a flat plate-
type singularity at the leading edge a.nd satisfies the Kutta conditicn at the traili: 3 edge.

Retained in this model are the approximations replacing the directional derivatives
normal to the helicoidal surface by directional derivativ-sin the axial direction and replacing
the helicoidal surface of integration by a series of planar segments. These approxiinations
are justified via a worked sample*” for a blade with radial leading and trailing edges and one
chrriwise loading mode (as in Reference 46). Blade-frequency thrust as calculated with
‘‘exact’’ treatmen: of the normal derivatives and path of integraticn agrees within 15 percent
of that calculated with both of the previously described approximations retained.

The inverse Descartes distance 1/R is expanded in a series whereby the ¢, and 6,
dependence in the kernel appears in separated form in terms of cos (m¢y) and cos (nfg).
Chordwise integration with respect to 84 (the loading) then reduces the surface integral
equation to a line integral equation. The chordwise boundary conditions are then satisfied
for each of the chordwise lcading modes by use of the following series of generalized lift
operators

n
~’1-,-f [ 1(1 - cos ¢g) dpg (Glauert lift operator)
0

3
il
-

n
m=2 —l—fl!(1+2cos¢a)d¢a
n

) ——dg,

m-1

E
f cos (m - 1) ¢,
0

The structure and application of these lift operators is dictated by the separable (or degener-
ate) form of the kernel function so that the orthogonality property of the set [cos mg,,
m=1,2,3...1is utilized. This orthogonality property eliminates the cross-coupling terms

and thus allows each lift operator to act upon only one losding mode, which greatly reduces
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computation time. Finally, the spar is divided into /-strips, and the set of M-line integral
equations is reduced by the coliation method to a set of ¥ x / algebraic equations in the
unkoown spanwise and chordwise loading distributions.

This method is superior to previous techniques in that it provides for flexibility of
chordwise loading and analytic chordwise integrations. It is the only available numerical
evaluation of the unsteady lifting-surface integral equaticn in which these essential lifting-
surface features sre retained. '

This technique has been programmed for a high-speed digital computer and takes about
8 1/2 minutes for calculating one harmonic of thrust and torque on an IBM 7090. The com-
puter program can consider arbitrary blade outline, including skew, and can take into account
a large number of chordwise loading modes under the basic assumption that the helicoidal
geometry can be approximated in a staircase fashion.

EXPERIMENTAL METHOD AND RESULTS

Accurate and reliable experimental results are required to evaluate the various methods
of calculating the unsteady propeller loading in circumferentially nonuniform inflow. For
valid comparison, the experimental conditions should simulate as closely as possible the
important conditions assumed in the theories. These are primarily a known inflow velocity
field and an absence of nearby boundaries.

A water tunnel with a velocity distribution control device provides an ideal facility for
conducting these experiments. Devices used to date for producing nonuniform flow without
introducing solid boundaries in the flow are wire grids of nonuniform properties*® and arrays
of valve-controlled nozzles.!% 49 In either case, the propeller must be located far enough
from the device to insure that the pressure field due to the propeller loading has a negligible
influence on the velocity distribution produced. In this investigation, wire-grid screens were
used becsuse of their relative simplicity. Screens produce only an axial velocity variation,
which is sufficient for the purpose of this study.

Burstein!5 showed experimentally that the action of the propeller on the wake behind

a slender body of revolution with fins very significantly affected the harmonic content of the
wake. The mean pressure reduction geierated by the propeller on the near afterbody surface
reduced the adverse pressure gradient end thus altered the distribution of the velocity shed
into the propeller plane. This wake alteration comprised both a potential part due to the
effect of images of the propeller in the body and a viscous part due to changes in the boundary
layer thickness and the point of separation. Thus the interaction effect was expected to
become more important as the afterbody became fuller or nearer to the propulsor. Most
previous attempts to measure unsteady propeller loadings were conducted in wakes behind
bodies or struts. Hence the harmonic content of the wake in which the propeller operates is
somewhat uncertain, which renders these results questionable for evaluating theoretical calcu-
lation techniques.
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Brown!? measured the blade-frequency thrust and torque on a single propeller operating
in a nonuniform inflow field produced by an array of valve-controlled nozzies. However, the
limited scope of this oxperimental study precluded extensive comparisons with theoretical
predictions.

The present tests were conducted at the Naval Ship Research and Development Center
in a water tunnel using a 27-inch-diameter, closed-jet test section. [Figure 4 shows the
experimental setup. The wire-mesh wake screens were constructed using a base screen
having an 0.009-inch-diameter wire, 16 per inch, and a single overlay screen with an 0.015-
inch-diameter wire, 18 per inch, so oriented that these wires intersected those of the base
screen at 45 degrees. Hence the action of the propeller 30 inches (2 1/2 propelier diamaters)
downstream did not alter the flow over these wires. Also, there was negligible unsicady
interaction between the walls of the 27-inch-diameter test section and the 12-inch-diameter

propellers.

PROPELLERS AND WAKES

For this experimental investigation, four three-bladed propellers were tested in two
different wake patterns. The four propellers (three unskewed propellers with expanded area
ratios of 0.3, 0.6, anrd 1.2 and one propeller with 120 degrees of skew and an expanded-area
ratio of 0.6) were designed for the same diameter, thrust, speed of advance, and rotational
speed, using the Lerbs induction factors with the lifting-surface and thickness corrections of
Kerwin and the Leopold.5? The pitch of the skewed propeller, however, varied from that
developed by the lifting-surface design theory. The geometric properties and open water
characteristics of thesa propellers are presented in Appendix A. Figure 5 shows a photograph
of the four propellers.

A propeller responds in unsteady thrust and torque to those wake harmonics which are
multiples of the number of blades (kZ) and in side forces and bending moments to wake har-
monics which are of multiples of the number of blades plus or minus one (kZ % 1). In fact,
linearized theory predicts that the propeller responds only to these harmonics. Thus, in a
practical propeller design, selection of the number of blades can be based on the known »r
estimated harmonic content of the inflow velocity so that the most critical type unsteady
propeller forces and moments are minimized. In the present experiments, the number of blades
and strong wake harmonics were selected to produce large signals in measuring the unsteady
forces and moments of interest. This permitted accurate measurements for comparison with
theory and study of the less understood effects of some other parameters on unsteady loading.

For fixed wake and number of blades, it is conjectured that skew (effect of radial
phase variation) and blade width (effect of aspect ratio and reduced frequency) are the
propeller parameters hich most significantly affect unsteady bearing forces. Thus tho
series of propellers was designed to enable determining the effect on unsteady bearing force~s

of varying only blade width and only skew.
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Three-bladed propellers were selected since they exhibited all the general features of
propellers with an arbitrary number of blades while minimizing the frequency of the propeller
loading and providing ease of manufacture of propeller and wake screen. The skewed propeller
had a constant skew rate so that the section at the tip lagged behind the section at the root
by 120 degrees; this placed the root of each blade at the same anguler position as the tip of
the preceding blade. Thus at any instant, one and oniy one blade section was entering the
wake at a given angular position.

For the propellers tested, the blade width varied by a factor of four. This allowed the
unsteady loading response to a given wake harmonic to be studied over a factor of four in
reduced frequency.

The wake-producing grids were constructed by arranging screens of various mesh sizes
in carefully fitted patterns on a single support screen of low resistance coefficient. 48
Although it might have been desireble to produce a truly sinusoidal wake, this required
several overlays of screens and was rather difficult to accomplish, Therefore, simple seg-
mental overlays were used in the screens (see Figures 6 and 7) which produced a more nearly
rectangular wave with rounded corners. '

One screen produced a nonuniform inflow having a dominant third harmonic so that
large blade-frequency thrust and torque was developed by the propellers. The other screen
produced a nonunitorm inflow having a dominant fourth harmonic so that large blade-frequency
side forces and bending moments were produced by the propellers. The resultant wakes
exhibited the desired dominant harmonics plus much weaker multiples of these harmonics; all
other wake harmonics were small. The amplitude and phase of the most significant harmonics
ara shown in Figures 8 and 8. More details concerning the wake and its measurement are

presented in Apperdix B.

INSTRUMENTATION AND DATA ANALYSIS

The six components of unsteady loading were measurad by a six-component dynamom-
eter3!:52 ytilizing a sting-mounted balance with semiconductor strain gages as the sensing
elements. More details of tl.:s instrument are given in Appendix C.

The convention adopted in this report for the six components of unsteady force and
moment is defined in Figure 10. Note that what is called horizontal bending moment is not a
horizontal moment vector but 8 moment produced by a horizonta! force. The balance is
dosigned so that the transverse-force and bending-moment sensors, which measure force and
moment along a pair of orthugonal axes, rotate with the propeller. Hence transverse-force
and bending-moment vectors rotating with the propeller are measured. A propeller position
(0p = 0) is defined at which the rotating axis coincide with the (fixed) horizontal and vertical

axes; then

:vl'”V, u2=M”, Fllpy, F2=FH




where M, M 2 F,,and F ; 8re forces and moments with respect to the rotating axes. At any
propeller angle 0P., the forces and moments with respect to the fixed axes are:

My =M, cos Op + M, 8in 0P
My =-M, sin Gp + M, cos Gp
FV'Fl cos 6P-F2 sin Op
F'H -Fl sin 0p +F2 cos Gp

Figure 11 shows a block diagram of the instrumentation used with the dynamometer.
This setup provided for on-the-spot observation and analysis of the signals as well as for
recording on magnetic tape for computer analysis. The thrust, torque, transverse-force, and
moment gages were excited by separate adjustuble d-c power supplies. The a-c output signals
were separated from the steady signals and were amr.lified before leaving the rotating shaft
through the sliprings and brushes. The d-c signals were read on a d-c electronic voltmeter.
The a-c components went to amplifiers and attenuators where they were adjusted to the proper
levels for the tape recorder and analyzer. The signals were monitored on an oscilloscope,
and photographic records were made of the waveforms. The six signals were recorded on
magnetic tape along with pulses from pickups on the propeller shaft. The puises consisted
of 1 pulse per revolution for a phase reference and 60 pulses per revolution to control the
analog-to-digital conversion.

For the computer analysis, the tape record was digitized at 60 points per revolution.
These values were averaged for 200 revolutions and were scaled to obtain 60 points at 6-degree
intervals of an average cycle. The values for the six channels were then muliiplied by a
8 x 6 calibration matrix to obtain vaiues of thrust, torque, side forces, and bending moments
in pounds and pounds-feet.

Anotner computer operation resolved the rotating side force and bending moment vectors
into vertical and horizontal components. The amplitudes of the first 18 sinusoidal harmonic
components were then computed along with the phase angle relative to the propeller position
at which the single-tooth pulse was generated.

For the on-the-spot analysis, one signal at a time was fed into one channel of & two-
channel wave analyzer whose channels were matched for frequency and phase. The single-

tooth pulse was fed into the other channel as a phase reference. Since this pulse was narrow

and symmetrical, it had in-phase components at any harmonic of shaft frequency. The analyzer

was manually tuned to any dosired harmonic with the aid of an oscilloscope. The signal level
was read on a meter connected to the output of the signal channel, and the phase was read
from a phase meter connected to the two outputs. All six components were multiplied by the
calibration matrix, and side forces and bending moments were resolved into vertical and
horizontal components by hand calculation. A more detailed description of this instrumentation
is given in Reference 59.
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TEST PROCEDURE

Each of the four propellers was run in both the 3- and 4-cycie weke patterns. The
same values of mean thrust were set for each propeller (see Table 1) resulting in different
advance coefficients for the different propellers. The highest loading condition was omitted
for the narrow propell=r in the 3-cycle wake and for the skewed propeller in both wakes. All
tests were run at 15 revolutions per second, and the design condition (I?T = 0.150) was
repeated at 18 revolutions per second. This resulted in Reynolds numbers ranging from
0.8 x 106 to 3.4 x 105 |

There is no method of directly measuring the mean tunnel-water speed in the nonuni-
form inflow condition. Hence the thrust and revolutions per second were set, and the mean
water speed was assumed to be t::° sa.ue as that measured for comparable conditions in
uniform flow (i.e., from open water tests).

Figure 12 shows typical signals from the six-component balance in the 3-cycle wake,
and Figure 13 shows typical signais in the 4-cycle wake. One propeller revolution consti-
tuted the distance between the pulses in the upper trace as generated by the single-tooth
gear. These signals were recorded on magnetic tape for digital computer analysis. The
major harmonic components of each signal were also read from the on-the-spot analysis
system. All thrust and torque data presented in this report (except as noted) were obtained
from the on-the-spot analysis, and all side-force and bending-moment data presented were
obtained from the digital analysis. The experimentally determined amplitudes of the blade-

frequency harmonic of all six loading components are considered accurate within 5 percent.

EXPERIMENTAL RESULTS

In the 3-cycle wake, the thrust and tcrqua signals clearly displayed the expected
dominant blade-frequency harmonic as shown in Figure 12. The large shaft-frequency har-
monic observed in the side-force and bending-moment signals was due to the weight of the
propeller. This appeared at shaft frequency since the gages were rotating with the propeller.
As expected, the propellers produced very weak hydrodynamic side forces and bending
moments in the 3-cycle wake. (The amplification of the side-force and bending-moment
signals shown in Fiqure 12 was much greater than that of the corresponding thrust and
torque signals.) Figure 12 corresponds to the propeller with £AR = 1.2 at J = 0.585.

In the ¢-cycle wake, the thrust and torque signals were very weak (as expected) and
had no dominant harmonic (see Figure 13). (The amplification of the thrust and torque sigaals
shown in Figure 13 was much greater thar that of the corresponding side-force and bending-
moment signals.) Here the side forces and bending moments displayed the expected dominant
fourth harmonic. These signals appeared at the dominant wake harmonic because the gages
rotated with the propeller. When transformed into nonrotating components of force and
moment, the dominant fourth harmonic became a dominant third or blade-frequency harmonic.
Figure 13 corresponds to the propeller with EAR - 0.6 at J = 0.609.
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Figures 14 through 18 show the harmonic content of the thrust and torque in the 8-cycle
wake and of the side forces and bending moments in the 4-cycle wake. These data are typical
of the harmonic content of the dominant signals at all test conditions. The harmonics other
than blade frequency arise primarily from the presence of harmonics other than the desired

third or fourth harmonic in the flow field and are presented here for the purpose n.f completeness.

These other harmonics are much weaker than the blade-frequency harmonic and, therefore, are
considerebly less accurate.

Figure 14 shows the harmonic content of the thrust and torque in the 3-cycle wake as
determined by both the analog (on-the-spot) and the digital techniques. The digital system
determined the first 18 harmonics of shaft frequency, whereas the analog system was tuned
in to only the first four harmonics of blade frequency. The agreement between the two
systems is very good. The blade-frequency harmonic is an order of magnitude larger than
the multiples of blade frequency. Only harmonics of blade frequency appear above the noise
level.

Figures 15 and 16 show the harmonic content of the side-force and bending-moment
signels in the 4-cycle wake (as determined by the digital technjque) relative to the rotating-
coordinate system. In therotating-coordinate system the side-force and bending-moment
signals due to hydrodynamic loading should contain only harmonics adjncent to multiples of
the number of blades (¥Z ¥ 1). Only these harmonics appear above the noise level in Figures
15 and 16. As expected, the fourth harmonic (Z + 1) is an order of magnitude larger than the -
others. The weight of the propeller produces the strong shaft harmonic in the side-force
signals and the weaker shaft harmonic in the bending-moment signals. The mean value of the
side-force and bending-moment signals is apparently due to an unbalance of the propeller.

Figures 17 and 18 show the harmonic content of the side-force and bending-moment
data resolved into vertical and horizontal components. In this fixed-coordinate system the
signals due to hydrodynamic loading should contain only harmonics equal to multiples of the
number of blades (kZ). Some other harmonics appear in Figures 17 and 18. These apparently
result from inaccuracies in the phase angles of the weak harmonics in the rotating-coordinate
system. The weight of the propeller produces the substantial mean value of the vertical sic >
force. The shaft-frequency harmonic in the side-force and bending-moment signals results
primarily from the mean value in the rotating system.

The variations of blade-frequency thrust and torque with mean propeller loading in the
3-cycle wake are shown in Figures 19 and 20, and the variations of blade-frequency side
forces and bending moments with mean propeller loading in the 4-cycle wake are shown in
Figures 21 and 22. In these plots each curve is nondimensionalized on a single constant;
the flu.tuating thrust and side forces are nondimensionalized on design thrust, and the
fluctuating torque and bending moments are nondimensionalized on the torque required to
develop the design thrust in uniform flow. (Since all conditions were run at the same rpm,
'I‘('T/design ;"T = ?/design T, ‘I;"F/design ET = F/design T, etc.).
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The increase of all zix components of blade-frequency loading with mean velocity for
the three unskewed propellers is apparently due to the increase in the circumferential velocity
variation proportional to the mean velocity. This same trend is shown in the exporimental
results of Brown;!% howuver, Brown measured only unsteady thrust and torque.

The date generally indicete that for side force, the horizontal component is greater
than the vertical component whereas for bending moment the vertical component is greater
than the horizontal component. These measured differences are attributable to the influence
of the weak second harmonic in the 4-cycle wake. As shown in the literature,24 the horizontal
side force and vertical bending moment are functions of tha vector sum of the second and
fourth loading harmonics which (within linearized theory) correspond to the same harmonics
of the wake. The vertical side force and horizontal bending moment, however, are functioas
of the vector difference of the second and foutth loading harmonics. Thus, the data preseniad
are consistent.

The measured values of the transverse forces at J = 0.872 for AR = 1.2 and at either
J =0.500 or J = 0.609 for EAR = 0.6 are inconsistent with the other data. Tho corresponding
bending-moment data are consistert. Careful examination of the data provided no explanation
for this inconsistency. These transverse-force measurements are apparently 1n error.

For the skewed propeiler, the indicated decrease of all six components of blade-
frequency loading with increasing velocity {or advance coefficient) at greater than J = 0.876
is not understood. The experimental values for this propeller at J = 1.040 and J = 1. 175
display some additional unexpected characteristics. For these conditions, the blade-frequency
thrust and torque sigrals in the 3-cycle wake displayed a twice-bladed frequency harmonic of
the same order as the blade-frequency harmonic. However, for J = 0.657 and J = 0.876 for this
propeller and for all conditions for the unskewed propellers, the blade-frequency harmonic was
an order of magnitude larger than the twice-blade frequency harmonic. In the 4-cycle wake,
the side-force and bending-moment signals displayed some stronger higher harmonics for the
skewed propeller at J = 1.040 and 1.175 than for the other conditions tested.

The possibility was considered that deflections or vibrations of the less rigid skewe:
blades might have contributed to the measured trands. Static deflection tests indicated that
for the magnitude of the unsteady loading involved (about 20 pounds), the deflection of the
blades would have been insufficient to produce the measured trends. The frequency of the
force variations was 45 hertz in the 3-cyvcle wake and 80 hertz in the 4-cycle wake, almost an
order of magnitude below the fundamental frequuncy of blade vibration for the skewed propeller.
Thus, blade-vibration aniplitudes would not be likely to significantly exceed static deilections
for the same magnitude of force. Propeller singing could be heard at J - 1.040 and J =~ 1.175,
but this is associated with blade vibrations at frequencies several times the fundamental
frequency of blade vibration. The biade vibrations due to singing should therefore not affect

the :oading at blade frequencies.




Although no explanation is provided, it is considered very possible that the measured 3
trends with advance coefficient for the skewed propeller are true. The cavitation character- ;
istics of this propeller also displayed unexpected trends with the advanced coefficient.53 It
appears that the skew influences the flov over the blades in a manner which is not fully
understood.

At the design advance coefficient the oxtreme skew reduced the blade-frequency thrust
and torque by a factor of 10 and the side forces and bending moments by a factor of 2 from the
respective values on the corresponding unskewed propeller. The greater reduction in thrust
and torque is largely attributable to the blades being skewed by 120 degrees. For the 8-cycle
wake (120 geometric degrees per cycle) this results in one and only one blade section entering
the high-velocity region at any instant, resulting in 8 maximum radial cancellation of blade-
frequency loading. However, in the 4-cycle wake (90 geometric degrees per cycle) sections at
the outer radii are entering the high-velocity region at the same tims as sections at the inner
radii, zesulting ir less radial cancellation of blade-frequency leading. Wereldsma!® found
experimentally that the fluctuating thrust and torque was reduced approximately by a factor of
two by skewing the blades of a five-bladed propeller (EAR = 1.0) by approximutely half-blade
spacing.

Figure 23 shows the blade-frequency harmonic of all six loading components for the
three unskewed propellers at advanced design coefficient. The thrust ard torque loading is
that measured in the 3-cycle wake whereas the side forces and bending moments are those
measured in the 4-cycle wake. The blade frequency harmenic of ail six loading components
indicates parallel trends, increasing with expanded area ratio to some maximum value and then
decreasing for further increase in blade-area ratio. Of course the shapes of these curves are
not uniquely defined by the three blade widths tested.

The apparent parallel variation of the six components of loading with EAR may be a
little misleading. Although one might generally expect a maximum at some blade width for the
fluctuating thrust and torque, the shape of these curves is expected to be sensitive to the
details of propeller and wake geometry. The side-force and bending-moment data presented
here represent predominantly the response to the fourth harmonic of the wake. This means
that the associated lift is at a higher reduced frequency; hence the maximum value may be
expected to occur at a lower EAR than the associated maximum in thrust and torque (because
unsteady effects are expected to become import:int at about the same reduced frequency in the
two cases). Similarly, the side-force and bending-moment response to the wesk second
harmonic in the wake should occur at a higher value of £EAR. In a general wake, the blade-
frequency side force and bending moment is a function of the vector sum, or difference, of the
lift rosponses to the (Z + 1) and (Z - 1) harmonics of the wake. The phase lag of these
responges is d'fferent for the diffurent frequencies and both vary with £AR in amplitude and
phase. Hence, it is difficult to generalize on the variation of side force and bending moment
with blade width.

25




The experimental trends of blade-frequency thrust and torque with EAR obtained for
this paper are in qualitative agreement with the majority of previous experimental resuits.
Wereldsma!” concluded that blade-frequency thrust and torque decreased with blade width,
but his study was limited to relatively high values of EAR (0.6 < EAR < 1.0). Krohn” con-
cluded that blade-frequency thrust and torque increased with blade width, but his study was
limited to relatively low values of EAR (0.35 < EAR S 0.75). Hence both of these results were
in qualitative agreement with the results of this report in the respective range of EAR. In the
recent study by Wereldsma!® over a wide range of EAR (0.4 < EAR < 1.2), he obtained incon-
sistent results for fluctuating thrust and torque for the narrow-bladed propeller. If the thrust
value of the narrow-bladed propeller conceived by Wereldsma is accepted, then his dats show
thrust montonically decreasing with £AR ir contrast to the results of this report. However,
if one accepis the torque value for this propeller (which Wereldsma evidently doubted) then
his results for torque display an increase with EAR to some maximum value and then a
decrease for further increase in EAR. This is in agreement with the trend of the data of the
present report.

Previous studies to show the variation of blade-frequency side forces and bending
moments with blade width were conducted in complex wakes that exhibited substantial ampli-
tude of both the (Z + 1) and (Z - 1) harmonics. Hence, as indicated earlier, these data cannot
be expected to collapse into a clear pattern. However, the data for a given wake should
indicate a amooth trend. From measurements on three-bladed propellers (0.6 < EAR < 1.0) in
the wakeof a flat plate, Wereldsma!’ concluded that side forces and bending moments increased
with EAR. This was contrary to the trends obtained for this report in this range of EAR.

From measurements on five-bladed propellers (0.35 < EAR < 0.75) in the wake of a single-screw

commercial ship, Krohn® concluded that transverse forces and bending moments increased

with increasing EAR. This is the same trend obtained for this repecrt in this range of EAR.
Phase argles of the principal components of the unsteady forces and moments ars
shown in Figures 24 through 26. These are blade-frequency thrust and torque in the 3-cycle
wake and blade-frequency vertical and horizontal side forces and moments in the 4-cycle
wake. The angles given are those by which these sinusoidal components lead to the same
frequency components of the longitudinal velocity at the blade-reference line (radial line
through midchord of root section). Figure 24 shows the phase angles of thrust and torque in
the 8-cycle wake. For these results the thr. &t was assumed to be positive in the normal
direction for forward propulsion, i.e., oppositc the direction shown on Figure 10. The experi-
mental values have not been plotted for some of the higher J values for the unskewed propeller
with EAR = 0.60 and the skewed propeller. The phase angles for the unskewed propeller
indicated a gross error in reading. The skewed propeller had peculiar values probably due to
the large second harmonic component mentioned previously. Since thrust and torque decrease
a8 the velocity increases, quasi-steady theory indicates that the phase angles should be near

180 degrees for a narrow-bladed propeller. This 13 approximated by the values for the




EAR = 0.30 propeller. As the blades become wider or are skewed, the effective line of

encounter (the locus of the 1/4-chord points) is shifted forward or aft. This could explain

the phase shifts shown for the wider and the skewed propellers. The phase angles for the .
the side forces and bending moments are shown in Figures 25 and 26. Blade width and skew

have an effect similar to their effect on thrust and torque phese angles. Tl.e vertical com-

ponents lead the horizontal by approximately 270 degrees, which is correct for the right-hand

rotation of the propeller.

COMPARISON WITH THEORE TICAL CALCULATIONS

Experimental blade-frequency thrust and torque were compared with theoretically

obtained values to determine the range of validity of the various calculation techniques.

CALCULATION TECHNIQUES

One typical procedure for each of the following basic techniques was used: quasi-steady,
using results from uniform flow tests (open water); quasi-steady, using steady-state lifting-
line theory; two-dimensional unsteady; combination quasi-steady and two-dimensional unsteady;
and three-dimensional unsteady.

For the quasi-steady technique, using uniform flow tests, a procedure somewhat similar
to that outlined by McCarthy'! was used. However, in the present technique, linearity is
assumed. Since the blade-frequency harmonic of the wakeis radially in phase, a radial thrust
mean amplitude is easily calculated. The effective line of encounter wes assumed to be the
locus of the midchords of the blade sections. For a given mean advance coefficient, the open
water test is then entered at

Vy+ VL(B) Vg - FL(S)
J = 7D Imin = A

where

R -
_ 1 daTr
v, ey = -:J' Vi 3y — dr
T dr
"

The amplitude of the corresponding harmonics of thrust and torque fluctuations are then

~ ) . =
K.r = 5 [(KT at Jmh\) —(KT at Jm.x)]

m-x)]

~ 1 _ _
Ko = 3 [(Kg 8t Jpy) - (Kg aty

For the quasi-steady technique using uniform flow propeller theory, the Haskins metnod
was used. This is an inverse lifting-line method, utilizing the Lerbs induction factors and

the Eckhardt and Morgan correction factors. The effective line of encounter was assumed to
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be the locus of the midchords of the blade seclions. For the calculations performed, the

steady component of ..rust and wrque very nesrly reproduced the slopes of the K r and K, 0

curves of the open water tests. However, the magnitudes were off by about 5 percent at
design advance coefficient.

The two-dimensional unsteady technique was a direct application of the Sears two-
dimensional sinusoidal gust theory as outlined by Lewis,!3

For the combination quasi-steady, two-dimensional unsteady method, the blade-frequency
lift calculated by the Haskins method at each radial section was multiplied by the Sears
function based on the local reduced frequency. In principle, this was the procedure proposed
by Ritger and Breslin;? however, they applied the correction to a quasi-steady lift as calcu-
lated from the Burrill propeller-design procedure.

The three-dimensional unsteady calculations were performed by the method of Tsakonas
ot al.4! These calculations were performed on an IBM-7090 computer, utilizing a program
developed at Davidson Laboratory. In these calculations, both the ‘““normal’’ component of
wake and the section lift were taken to be normal to the section nose-tail line. All calcula-
tions were performed using eight radial strips and five chordwise loading modes.

COMPARISONS

Figure 27 shows the experimental blade-frequency thrust over a range of expanded ~-ea
ratios together with predictions according to the various aforementioned techniques. Also
shown is the reduccd frequency at the 0.75 radius. Figure 28 reveals similar information for
blade-frequency torque. The blade-frequency thrust curves are nondimensionalized on the
design thrust and the blade-frequency torque curves are nondimensionalized on the torque
required to develop the design thrust in uniform flow. These values of the mean thrust and
torque are determined from the open water tests.

The quasi-steady techniques have been observed to yield reasonable predictions for the
two relatively narrow-bladed propellers but unreasonable predictions for the wide-bladed
propeller (no calculation was performed by the quasi-steady lifting-line technique for the wide-
bladed propeller because this computer program would not run for this condition). The fairly
good agreement for the narro'v-bladed propellers indicates that the effect of the unsteadiness
is small for these relatively low reduced frequencies. However, quasi-steady predictions
become increasingly in error for reduced frequencies greater than 1.8, indicating t! i the
effects of unsteadiness become important in this region. It is also significant 1’ »i i 1e quasi-
steady predictions are conservative over the entire range, even for the narrow-bl.Z<d propellers.
This increasingly conservative prediction with increasing reduced frequency would be expected
from a two-dimensional analogy. However, this may not hold trus for propellers in goneral
because, depending on the relative phase, the unsteady effects of the other blades and their

wakes may either add to or subtract from the unsteady propeller loading. Additional calculations




with the quasi-steady lifting-line technique indicate that if the locus of the quarter chords is
used as the effective line of encounter rather than the locus of the midchords, the vredictions
are approximately 3 percent lower for EAR = 0.3 and 5 percent lower for EAR = 0.6.

The two-dimensional unsteady technique displays the proper general trend with
expanded-area ratio but overpredicts the blade-frequency thrust by roughly a factor of two.

In essence, twn counteracting simplifications are made in this approach: (1) the effect of the
shed vorticity on reducing the unsteady lift is overestimated, and (2) the effect of the trailing
vorticity on reducing the unsteady lift is totally ignored. This technique can be expected to
yield better predictions for conditions in which chordwise unsteady effects dominate variations
in the spanwise direction, i.e., where the shed vorticity is much greater than the trailing
vorticity. Such conditions would exist for narrow blades at moderate reduced frequencies or
for moderately wide blades at high reduced frequencies. For the propellers tested, reduced
frequency varied inversely with aspect ratio so that neither of these conditions was mat.
However, the more realistic condition of & ! rger number of biades at a given £EAR implies »
higher aspect ratio at n given reduced frequency and, hence, a cioser prediction by the two-
dimensional unsteady theory.

The calculations using this technique assumed a lift-curve slope of 27. However,
steady dats indicate that this slope should be closer to (0.95) (2n). If this lift curve slope
were used, the two-dimensional predictions would be closer than indicated in Figures 27
and 28.

From the Sears two-dimensional sinusoidal gust theory, the lift is proportional to
¢ - ¢ (k). When the reduced frequency is increased by increasing ¢ for a fixed inflow, the
product ¢ + ¢ (k) is a monotenically increasing function of k (¢ - &, ¢ (k) 21/J1 +2xk).54
However, at high reduced frequency, the phase of ¢ (x) varies rapidly with reduced fregquency;
see Figure 3. For a marine propeller, it is the reduced frequency variation with radius and
the subsequent radial phase variation of the lift response which produce the reduction in
thrust with increasing blade width for the high reduced frequencies.

The combiratinn quasi-steady, two-dimensional unsteady theory underestimates the
blade-frequency thrust by a factor of two or more. Application of a two-dimensional unsteady
correction to the quasi-steady leading resultsin an overestimate of the reduction in lift due
to the shed vorticity. The quasi-steady approach overestimates the effect of the trailing
vorticity and neglects the effect of the shed vorticity (two counteracting simplifications).
The two-dimensional unsteady approach reglects the effect of the trailing vorticity but over-
estimaws the effect of the shud vorticity (again two counteracting simplifications). However,
when both the quasi-steady and the two-dimensional unsteady approaches are used, the effect
of both the trailing and the shed vorticities is overestimated (two additive simplifications),
resulting in a substantial underprediction of the section lift and hence of tho propeller thrust
and torque.
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The substantial underprediction of the unsteady loaaing hy use of such a combination
technique would be expected from solutions for plane wings of finite aspect ratio. For plane
wings, it has been shown55 that the ratio of the unsteady lift to the quasi-steady lift sub-
stantially increases with decreasing aspect ratio. Since the combination method is inherently
more complicated than either the quasi-steady or the two-dimensional unsteady techniques
and gives nonconservative estimates, it is not recommended for any application.

The unsteady lifting-surface theory gives better agreement with the experimental
results in the region shown than do any of the simpler techniques. Later it will be shown
that the epproximate numerical techniquss employed in this theory break down for propellers
with overlapping blades and for a propeller with very natrow blades. For thic reason, no
compariscn is shown for the wide-bladed propelier.

Within the usable range of the numerical technique, the theory and experiment deviate
by as much as 15 percent. As stated earlier, it is felt that the experimental measurements
are accurate to within £5 percent. The stairtase approximation to the helicoidal geomotry
in the numerical evaluation of the theory certainly contributes some inaccuracy. Also, the
Hanaoka basic lifting-surface model assumes a potential downstream vortex wake lying on a
helicoidal surface of constant pitch. However, Magnuson>5 has recently experimentally
demonstrated on a two-dimensional oscillating foil that the shed vorticity rolls up into dis-
creet vortices very near the trailing edge in the reduced frequency range above unity. This
teniency of the vorticity to roll up becomes more pronounced with increased reduced frequency.
Such a rolling up of the shed vorticity may contribute to the deviation between thecry and
experiment shown in Figures 27 and 28.

Figures 29 and 30 show that the superiority of the unsteady lifting-surface theory is
maintained over the range of mean propeller loading.* Since the two-dimensional unsteady
theory displays the proper trend, this increase in fluctuating thrust with mean velocity is
produced primarily by the increase in fluctuating velocity with the mean velocity.

Figure 31 shows that the lifting-surface theory takes skew into account rather well.

Figure 32 presents the experimental blade-frequency transverse forces over a range of
evpanded area ratio together with predictions according to the unsteady lifting-surface
technique*! and the quasi-steady lifting line technique. Figure 33 presents similar informa-
tion for bending moments. Over the range shown (the computer program does not work for
larger valuesof expanded area ratio) the quasi-steady technique shows the proper general
trend with expanded area ratio but overpredicts the magnitude by approximately 50 percent.
This is consistent with the predictions for thrust and torque in this range of expanded area
ratio. The quasi-steady predictions are also in agreement with the experimental results in
that the horizontal component of side force is slightly larger than the vertical comprnent and
the vertical component of bending moment is slightly larger than the horizontal component for

all values of expanded area ratio calculated or tested.

“The same comparisons for the other unskewed propelleras showed similar trends. Therefore the comperisons for
only one propeller are presented.
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The unsteady lifting-surface predictions of transverse forces and bending moments
shown in Figures 31 and 32 were made at Davidson Laboratory. The program for calculating
transverse forces and bending moments has not yet been released by Davidson Laboratory.
The calculated values available here are insufficient to establish any definite trends. These
predictions are observed to agree with the experiment within 30 percent for all cases
calculated. However, the apparent trend with expanded area rati  is not in agreement with
the experimental results. The theoreiical diffsrences in sensitivity of the two components of
force to expanded area ratio look questionable, especially since the difference between these
two components arises solely from the phase relationship between the second and fourth
harmonics of the wake, and the second harmonic is very veak. It appears that some refine-
ment in the numerical technique is necessary for better preaiction of transverse forces and

bending moments.

PARAMETRIC STUDY

PARAMETERS AND CONDITIONS

The foregoing comparisons have shown that the unsteady lifting-surface theory as
numerically evaluated by Tsakonas ot al.*! is the best method &vailable for predicting
unsteady thrust and terque. Accordingly, this theory was utilized in a parametric investiga-
tion to obtain an understanding of the effect of various propeller parameters upon unsteady
loading.

It is well known that selection of the number of blades should be based on the harmonic
content of the wake and the response characteristics of the vessel. However, once the
number of blades is selected, additional propeller parameters may be chosen to further reduce
unsteady loading. Very little information is available on the effect of these other parameters.

Under assumed, somewhat idealized conditions, calculations were performed to estab-
lish the variation of unsteady thrust and torque with blade-area ratio, pitch-diameter ratio,
and blade skew, and the relative thrust and tcique response with number of blades and blade
harmonics.

For the velocity field, it was as~».a thx the amplitude of all harmonics of the axial
velocity was 0.1 ¥V, at all radii and that each harn. - ~ was radially in phase. The tangential
component of the inflow velocity field was taken w oo zero. This neglect of the tangential

velocity did not significantly limit the generality of these results for the following reasons:

1. At the outer radii which produce most of the loading, the pitch angle is small, thus
producing much greater sensitivity to the axial wake;
2. In most realistic wekes, the amplitudes of the harmonics of tangential wake which

produce unateady loading are small;
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8. It is the component of wake normal to blade section which produces the loading (the
emall effect of surge is neglected in this thoory);

hence the trends with all parameters studied, except pitch, would be unchanged by the inclu-
sion of & nonzero tangential wake,

The propeller-blade outline was the same as that of the propellers tested and was held
invariant through this parametric study. The geometric pitch was independent of radius.

As in the previous section, the ‘‘normal’ component of the wake and the section lift
were taken (o be normal to the section nose-tail line. All calculations were performed using
eight radial strips and five chordwise loading modes.

DISCUSSION OF RESULTS

Figure 34 shows the effect of number of blade= and blade harmonic on the fluctuating
thrust response. The expanded area ratio and thus reduced frequency for a given blade
harmonic is held constant. This plot shows that (for a fixed expanded area ratio) the thrust
response to a unit-wake blade-frequency harmonic increases with number of blades. The
effective aspect ratio increases in direct proportion to the number of blades. Therefore, the
reduction in unsteady loading due to aspect ratic is smaller for the greater number of blades,
hence the greater unsteady loading. Predictions of a constant response with number of blades
are obtained from using tke two-dimensicnal unsteady technique. Hence this technique would
yield better predictions for propellers with larger numbers of blades than for the three-bladed
propellers discussed in the previous section.

This plot also shows that the response of multiples of blade-frequency thrust decreases
with increasing blade harmonic. This is analogous to the two-dimensional result that lift
decreases with increasing reduced frequency.

Figure 35 shows the variation of blade-frequency thrust with expanded area ratio and
the approximate limits of EAR to which the numerical techniques outlined in Reference 41
may be applied. The upper limit of EAR is a consequence of the manner in which the stair-
case approximation of the helical geometry is considered. This breakdown occurs whe: (he
blade-overlap condition is approached (when a portion of esch blade is situated directly be-
hind a portion of an adjacent biade). The failure of the numerical techuique for very narrow
blades depends on the individual blade width, hence the £AR at which this occurs is directly
proportional to the number of blades. At the time of this writing (September 1867), modifica-
tions to the computer program were understood w be underway so that propellers with blade
overlap could be considered.5”

Figure 36 shows blade-frequency thrust as a function of pitch, and Figure 37 shows
the corresponding data for blade-frequency torque. The charts assume that the speed of
advance is constant and that the rpm varies inversely with pitch. Projected area ratio is held

constant; hence in these plots reduced frequency and safety from cavitation are insensitive to
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pitch ratio and number of blades. The difference in trends with pitch is attributable to the
changirg direction of the lift vector as a function of pitch. The thrust component of the lift
vector is a decreasing function of pitch, whereas the torque component of the lift vector is an
increasing function of pitch.

The charts assume a constant ratio between pitch and advance coefficient. However,

for the most efficient propeller design, this ratio varies with pitch. Additional calculations

have shown that for a fixed speed of advance, blade frequencies ’?‘T and I?Q are insensitive
to J in the range from J = 0.6 P/D to J = 1.0 P/D. Therefore, Figures 36 and 37 may be
appiied for any advance coefficient in this range by multiplying the ordinate "?T x 102/J2

= Ky x 102/(0.8P/D)? by (0.8P/D)?/actusl J2:

[FT x 102 ] [0.8P/D]2 Kp x 102
(0.3 P/D)? " [etualJ actual J2

The variation of blade-frequency thrust and torque with pitch will be somewhat different
for cases in which the tangential wake contributes significantly. As the pitch increases, the
component of the tangential wake normal to the blade increases, whereas the component of
the axial wake normal to the blade decreases. Hence, in a wake with significant amounts of
both components, the reduction in thrust with increasing pitch would be less pronounced than
that indicated in Figure 36 and the naxima in the torque curves would be shifted to higher
values of P/D. Further computaticns should be performed to establish the extent of the
influsnce of the tangential wake on the variation with pitch.

Figure 38 gives an indication of the reduction in blade-frequency thrust attainable by
introducing skew to the blades. The plot shows hlade-frequency thrust as a fraction of its
unskewed value versus projected skew at the tip as a fraction of blade angular spacing.
These curves are for a linear rate of angular skew’, da/dp = constant.

The plots show that maximuta reduction in blaae-frequency thrust is obtained for skew
equal to ulade spacing. For this condition, there is always one and only one blade section
enteri .g the high velocity region in the assumed flow field. Hence, there is a maximum radial
cancellation of unsteady thrust and torque (for the assumed radial distribution of skew). Note
that the shapes of these curves are essentially independent of the number of blades. In each
case, the blade-frequency thrust is reduced to about one-tenth of the unskewed value.

Unfortunately, the computer program for calculating side forces and bending moments
is not yet available. Some indication of the variation of these components with the various
propeller parameters mey be inferred from the foregoing calculations with thrust and torque.

It must be remembered that side forces and bending moments depend on two different harmonics
of the wake so that the amplitude of any particular component is acutely dependent on the
phase relationship between th~- - *.:5 harmonics. However, for a fixed wake, the trends with

propeller paramcters (except £ AR) should not be greatly affected by this phase relationship.




For the ideal wake assumed in the parametric study, the variation of side forces and
bending moments with number of blades and blade harmonics should be gqualitatively the same
a8 those shown for thrust. Calculations have shown that the variation of torque with these
paramsters is easentially the same as tiiat shown for thrust (hence only thrust is shown).

The variation of bending moments with pitch should be qualitatively the same as that shown
for thrust since both bending moment and thrust arise from the axial comporent of fluctuating
loading. Similarly, the variation of side forces with pitch should be qualitatively the same
as that shown for torque.

The great reduction in blade-frequency thrust and torque with skew arices from the
radial phase cancellation of unsteady lift. However, blade-frequency side forces and bending
moments arise from both the (Z + 1) and (Z - 1) harmonics of the loading and (within linearized
theory) the same harmonics of the wake, The amount of skew which produces a maximum
cancellation of the (Z + 1) harmonic of the loading will not, in general, produce a maximum
cancellation of the (Z - 1) harmenic of the loading. Therefore a compromise amount of skew
is necessary to produce the maximum reduction in side forces and bending moments. If only
the (Z + 1) or tue (Z - 1) harmonic is present in the assumed flow field (both amplitude and
phase of the pertinent harmonic being independent of radius) the maximum reduction for ths
assumed radial distribution of skew would be expected for the blades skewed by the number

of geometric degrees of this harmonic.

APPLICATION TO DESIGN

The plots presented in the previous section should be interpreted as qualitative data
indicating trends with particular parameters. These charts are useful for comparing competi-
tive designs for the same vessel and can give a very good indication of which will be
superior from a vibration standpoint.

By selecting a higher pitch (lower rpm) the designer can substantially reduce the
oxpected blede-frequency thrust. For the idealized wake used in the parametric study, for
example, the blade-frequency thrust is reduced by more than a factor of two by selecting
P/D = 1.2 rather than P/D = 0.6.

When designing a propeller considering vibratory loading, the number of bladesis
generally selected on the basis of the relative strengths of the various harmonics in the wake
and the response characteristics of the vessel to the various modes and frequencies of
excitation. The relative response with number of blades (as shown in Figure 34) would be a
factor only if the relative strengths of the wake harmonics (weighted by the corresponding
hull responses) associated with two alternative choices of the number of blades are nearly
equal. The reduced response to multiples of blade frequency is favorable, but the amplitudes

of the wake harmonics associated with these {requencies are generally small; so the associated




loading is usually of little concern to the designer. However, the response to multiples of
blade frequency may be very significant for special applications in which a low number of
blades is desirable.

These studies indicate that the introduction of skew is generally the most effective
method of reducing unsteady propeller ioeding. Figure 38 gives an indication of the amount
of reduction in blade-frequency thrust and torque that may be expected from skew. However,
this figure represents the effect of one radial distribution of skew (do/dp = constant) in one
simple wake pattern (longitudinal velocity field with constant amplitude and phase of each
harmonic). These data generally indicate the more skew that is applied (within prartical
limits) the greater is the reduction in blade-frequency thrust and torque. However, the amount
of allowable skew may be limited by strength considerations.

If the radial distribution of skew is selected so that most of the radial phase cancella-
tion of lift occurs at the outer radii where the loading is concentrated, even greater reduction
in fluctuating thrust and torque can be expected than shown in Figure 38. In principle, by
using an unsteady lifting-suriace theory, the radial distribution of skew can be selected
(considering the amplitude and phase of the pertinent wake harmonics and the amplitude and
phase of the lacal lift response) so that the net blade-frequency harmonic of any loading

component is zero.

SUMMARY AND CONCLUSIONS

STATEMENT OF PROBLEM

The present study had three objectives:

1. To obtain a fundamental set of accurate experimental measurements of the unsteady
forces and moments produced on marine propellers by circumferentially nonuniform inflow.

2. To correlate the measured unsteady thrust and torque with calculated values based
on the various proposed theories.

3. To investigate the unsteady thrust and torque variation over a range of pertinent param-

eters, using the method determined as the best available for calculating unsteady loading.

EXPERIMENTAL PROCEDURE AND RESULTS

All six components of unsteady loading were measured on a series of four three-bladed
propellers in two different wake pattorns. The propellers consist of three unskewed provellers
with expanded area ratios of 0.3, 0.6, and 1.2 and one propeller with 120 degrees of skew and
an expanded ares ratio of 0.8. The tests were conducted in a water tunnel with a closed-jet
test section. The nonuniform flow field was produced by upstream screens. Thus the impor-

tant axsumptions of the mathematical models, i.e., a known inflow velocity field and an
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absence of nearby bounduries, were duplicated irn the experimental setup. One screen pro-
duced a nonuniform inflow with a dominant third harmonic so that a substantial blade-frequency
harmonic of thrust and torque was developed by the propellers. The ot.er screen produced a
nonuniform inflow with a dominant fourth harmonic sc that a substantial blade-frequency har-
monic of transverse forces and bending moments was produced by the propellers.

The tests were run at a constant speed of 15 revolutions per second, and a few check
tests were run at 18 revolutions per second. The water speed in the tunnel was varied to
change the mean propeller loading “-»m zero thrust to approximately twice design thrust. The
resulting Reynolds number ranged from 0.8 x 105 to 3.4 x 106, The signals were monitored
with an oscilloscope, and phu.ograpt : records were made of each test condition. Theze
output signals were analyzed for harmonic content by two techniques: (1) an analog system
with & vwo-channel wave analyzer that wes used for on-the-spot anelysis (this system per-
mitted any desired harmonic to be tuned in and its amplitude and phase determined) and
{2) the output signals were recorded on magnetic tape and later digitized and analyzed by a
high-speed digital computer.

The experimental results indicated that all components of the blade-frequancy losd g
increased with increasing £AR tr ;ome maximum value and then decreased for further increas:
in EAR. For the three blade widih: tested, the largest value occurred for EAR = 0.4; however,
data were insufficient to define the EAR at which maximum loading occurred. Extreme skew
resulted in reduction of blade-irequency thrust and torque to about 10 percent of ‘he unskevwnd
values and reduction of blade-irequency side forces and bending moments to aboui 50 pireung

of the unskewed values.

COMPARISON WITH THEORIES

Numerous schemes have appeared :n the literature for calculating the unsteady loading
or. a propeller caused by circumferentiaily nonuniform inflow. These schemes may be cate-
gorized as follows: quasi-steady, using uniform flow tests; qu..i-steady, using steady-state
lifting-line .heory; two-dimensional unsteady along a strip; combination quasi-steady and
two-dimonsional unsteady; and three-dimensional unsteady. The ranges of validity of the
various crlculation techniques were determined by correlating the calculated blade-frequency
thrust and torque with the experimental results obtained in the present study. One typical
calculation procedure from each of the previously mentioned categories was uaed for these
comparisons over a range of blade width and mean propeller loading.

The three-dimensional unsteady tech ..que (unsteady lifting-surface theory as numerically
evaluated by Tuakonas et al.*') gives the best prediction of unsteady thrust and torque;
Lkowever, the numerical technique breaks down for very narrow-bladed propellers and for
propellers having blade overlap. Within its rang. of validity, this theory agrees with experi-
ment within epproximatelyv 15 percent. The quasi-steady techniques overpredict blade-

frequenc, thrust and torque by about 25 percent for effective reduced {requency less than
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about 1.8 (EAR = 0.6). However, for higher reduced frequency (or wider blades), the guasi-
steady predictions are excessively high. The two-dimensional unsteady theory yields the
proper general trend with blade width but overpredicts the blade-frequency thrust and torque
by roughly « factor of two. The combination quasi-st>ady, two-dimensional unsteady tech-
nique underpredicts the blade-frequency thrust and torque by a factor of two or more.

Since the foregoing comparisons ravealea that the unsteady lifting-surface technique
was the best method available, prediction. from using it were used for further comparisons
considering skew and transverse forces and bending moments. Comparison of blade-frequency
thrust and wrque for the propeller with extreme skew revealed very good agreement.
Preliminary results indicated that within its range of validity, the lifting surface theory
predicts transverse forces and bending moments within approximately 30 percent. However,
the apparent variations with blade width were not in agreement with the experimental results.
It appears that some refinement in the numerical technique is necessary for better prediction

of transverse forces and bending moments.

PARAMETRIC STUDY

The foregoing comparisons reveal that the unsteady lifting-surface theory considers
the effects of blade width over a limited range, mean propeller loading, and skew rather well.
To obtain a more complete understanding of the effect of the various parameters on unsteady
loading, a parametric study employing this method was undertaken. The variation of unsteady
thrust and torque with pitch, blade wid.th, and skew and the relative thrust and torque response
with the number of blades and blade harmouics was investigated for propellers operating in a
lungitudinal flow field in which the amplitude and phase of all harmonic. were independent of
radius.

The results of this study indicate that blade-frequency thrast and torque cen be reduced
most effectively by introducing blade skew. For a propeller in the assumed longitudinal flow
field, skewing the blade tip by a projected angle equal to blade spacing reduced blade-
frequency thrust and torque by a factor of 10 from the unskewed value. Skewing the tip by
only half-blade spacing reduced blade-frequency thrust and torque by approximately a factor
of two. A smaller reductiun in blade-frequency thrust is attainable by designing for a higher
pitch (lower rpm); however, for P."D leas than about 0.7 (in the assumed flow field) this is
accompanied by an increase in blade-frequency torque. Blade-frequency thrust and torque
generally increase with blade width to approximately EAR = 0.7; at more than this, the
numerical evaluation of the theory is invalid. The fluctuating thrust and torque response to
blade-frequency harmonic in the wake increases with increasing number of blades (£ 4R held

fixed); however, vhe response rapidly decreases with increasing blade harmonic.
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COMNCLUSIONS

The experimental variation of the six components of blade-frequency force and moment
with EAR indicates a maximum at some EAR. This trend is the result of blade width (for a
fixed number of blades) entering the fluctuating loading in two conflicting manners:

(1) fluctuating forces increase with blade width because the quasi-steady loading increases
with blade width, and (2) fluctuating forces decrease with blade width because unsteady
effects become increasingly important (reduced frequency is directly proportional to blade
width).

For thrust and torque, this trend indicating a meximum at some EAR is expected to
hold for any realistic propeller and wake geometry. However, the variation of side forces
and bending moments with EAR is expected to be critically dependent on the wake because
these components are functions of the vector sum and difference of the lift response to the
(Z+ 1) and (Z- 1) harmonic in the wake. These two lift responses vary differently with £AR
in both amplitude arnd phase.

The superiority of the unsteady lifting-surface theory shows that the effect of the
variation of both the trailing and the shed vorticity is important in the range of practical
interest. However, the breakdown of the numerical techrique for very narrow blades and
propellers with blade overlap and the relatively poor agreement between theory and experiment
for the side forces and bending moments indicate that considerable numerical refinements may
still be necessary.

The reasonably close predictions by the quasi-steady techniques for reduced frequency
of less than 1.6 show that the effect of unsteadiness is relatively unimportant in this region.
However, the effect of unsteadiness becomes increasingly important for higher reduced
frequencies; thus the quasi-steady predictions become increasingly too high.

The overprediction of the two-dimensional theory along a strip over the range of blade
widths tested indicates that the trailing vorticity does not dominate the shed vorticity in this
region. Plane wing data indicate that the two-dimensional unsteady theory should vield good
predictions for high aspect ratio blades at moderate reduced frequencies or for moderately low
aspect ratic blades at very high reduced frequencies. Reduced frequency for ihe propellers
tested varied inversely with aspect ratio so that neithe: of these conditions was met. For a
lacger number of blades at a given expanded area ratio (a more realistic condition), the aspect
ratio is larger at 8 given reduced frequency; hence this method would yield a closer prediction.
This conclusion is substantiated by the parametric stuly which shows that the unsteady thrust
response of a propeller increases with number of blades for a fixad EAK (i.e., increasing
aapect ratio at fixed reduced frequency).

The substantial underprediction of the blade-frequency loading by the combination
quasi-steady two-dimensional unsteady technique is a consequence of the overestimation of
the effect oi both the shed and the trailing vorticities by this method. This model 13 incon-

sistent and thus cannot be expected to yield reasonable predictions under any conditions.
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Skewing the blades is generally the most effective method of reducing the fluctuating
forces and moments on a propeller. This produces a radial phasewise variation of harmonics
of lift and thus usually a reduction in all components of fluctuating force and moment. In
selecting the distribution of skew the amplitude and phase variation of all pertinent harmonics
of the wake should be considered.

RECOMMENDATIONS

Either the quasi-steady or the two-dimensional unsteady technique may be used to
obtain conservative estimates of fluctuating thrust and torque, but if close predictions are
required, ' is recommended that the unsteady lifting-surface technique be used. Combination
techniques employing both quasi-steady and two-dimensional unsteady corrections are not
recommended for any application since by their use the unsteady loading is underestimated
by a factor of two or more.

In designing a propeller from a vibratory loading consideration, it is recommended that
the blades be skewed by as much as strength considerations will allow, to an amount equal
to blade spacing.

The calculation procedure used for evaluating the unsteady lifting-surface theory
should be modified to permit treating propellers both with very narrow blades and with blade
overlap. If such modification is made, the computed blade-frequency thrust and torque should
be compared with the experimental measurements presented in this repert for the propeller
with EAR = 1.2. If satisfactory agroement is obtained, the parametric study presented in this
report should be extended to include a wider range of blade widths so that the EAR at which
maximum fluctuating loading occurs is clearly defined or a varying number of hiades.

Once a satisfactory computer program is available for calculating side forces and
bending moments, a more detailed correlation with the evperimental results should be
underteken. If satisfactory correlation is attained, the parametric study presented in this
report should be extended to include these other components of fluctuating loading.

The results of the present study have showi. that blade skew is an extremely powerful
technique for reducing the fluctuating forces and moments acting on a propeller. The avaij-
ability of a usable unsteady lifting-+ irface theory which determines hoth amplitude and phase
of the radial lift distibution provides a powerful tool for defining an ‘‘optimum skew
distribution.” The criterion for such an optimum skew would be to obtain the maximum radis!
cancellation of the critical component of uasteady loading for an allowable blade-stress
level. Such information would be of great value to the designer; therefore, it is recommended

that such a study be undertaken.
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?:gure 1 — Schematic of Problem
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Figure 2 — Velocity Diagram
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Figure 3 — Sears Function for Airfoil in Sinusoidal Gust
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Figure 5 - Three-Bladed Propeller Series
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Figure 7 — Four-Cycle Wake Screen
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Figere 10 — Forces and Moments Acting on Propeller
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Figure 11 — Diagram of Instrumentation
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Figure 12 ~ Typical Signals in 3-Cycle Wake
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Figure 13 — Typical Signals in 4-Cycle Wake
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Figure 14 — Harmonic Content of Thrust and Torque in 3-Cycle Wake
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TABLE 1
Test Conditions

KT Advance Coefficients
All Propellers EAR« (0.3 | EAR=0.6 | EAR=1.2 | EAR = 0.5 (Skew)
0.292 —— 0.500 0.585 ———
0.242 0.550 0.509 0.672 0.657
0.150 (Desigr) 0.841 0.831 0.844 0.876
0.077 1.032 1.000 0.993 1.040
0.0 1.224 1.158 1.147 1.175

70




TABLE 2
Harmonic Content of 3:Cycle Wake

VP {.25R) 4 vl (.35R) v (45R) vl (s3R)

n Voo~ $wl28R) o #hasm L—Vv;_ $% Lasm) | & Vo dhtsem
1 0.015 242.0 0.025 200.1 0.023 194.2 0.014 201.8
2 0.009  334.3 0.012 97,8 0.021  96.7 0.023 86.5
3 0.147  19.4 0.210  14.6 0.222  10.0 0.211 4.6
4 0.007 111.4 0.018  92.2 0.024  79.4 0.028 67.2
5 9.006  345.1 0.014 3.3 0.011 6.5 0.003  340.8
6 0.003  200.8 0.005 208.7 0.001  286.5 0.008 24.3
7 0.001  304.3 0.002  249.8 0.004  225.3 0.005  226.1
8 0.003 320.0 0.004  320.1 0.003  338.9 0.002 54.6
9 0.007 222.7 0.007 234.4 0.004  326.2 0.015 12,0
10 0.002  307.2 0.000 188.3 0.006 111.7 0.013  103.4
11 0.000 348.9 0.001 100.7 0.002 121.0 0.003 139.2
12 0.001  348.9 0.003 321.3 0.002 321.1 0.002 89.8
13 0.002 131.3 0.002 111.6 0.001  96.3 0.000  10.9
1% 0.000  68.1 0.001 307.2 0.002  246.6 0.003  228.2
15 0.001 171.2 0.001  145.6 0.002  162.9 0.002  165.2

v} (.65R) v (LT8R) vl (8sR) vl (95R)

n L_\(/:.— ¢, (65R) [ o ¢y (.75R) L"v. ¢, (88 R) | = Vo éo (93R)
1 0.011 235.3 0.016 253.1 0.023  257.4 0.021  264.9
2 0.019  82.7 0.012 86,7 0.010  66.1 0.014 19,9
3 0.207 0.7 0.220 0.4 0.244 1.9 0.252 2.1
4 0.025  53.6 0.019  33.7 0.014  12.9 0.009 324.0
5 0.010 231.1 0.021  235.1 0.025 237.4 0.019  227.7
6 0.017  59.6 0.030  81.0 0.036  88.7 0.033  83.7
7 0.009  256.0 0.015  277.2 0.013  297.6 0.015  302.9
8 0.004 38.8 0.009 8.8 0.015 2.6 0.010  355.4
9 0.026 10.4 0.033 4.9 0.041 7.6 0.048  13.7
10 0.015 79.5 0.016  50.3 0.008  63.1 0.003 179.2
11 0.005 195.6 0.009 221.2 0.007 217.7 0.010 266.9
12 0.008  82.5 0.015 74.0 0.016  71.9 0.013  73.6
13 0.002  223.1 0.004 230.3 0.008 281.4 0.014  310.5
14 0.001 250.8 0.003  24.5 0.005  63.4 0.011  36.9
15 0.203  116.5 0.006 79.3 0.011 61,5 0.019  46.8
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TABLE 3

Harmonic Content of 4-Cycle Wake

vl (.25R)

Vvu

&g (.25R)

v (.35R)

Vvm

$5 (33R)

VP (43R)

Vvm

5 (.43R)

v (55R)

Vvu

Py (.85R)

WO~ WN -~

.041
.029
.019
.095
.023
.006
.001
.002
.001
.002
.001
.003
.001
.002
.001

COOCOO0OO0OO0OO0ODOOOOOO

151.%
176.6
110.8

[
~N OO =
O & O

« e o ®

[

RO R W N
. . P
WK MY WOWWNNON S

e )
P 0D = O e
: .

.035
.035
.038
.154
.040
.008
.002
.002
.001

.003

COO0COCCOOO0OO0O0OOOOOOO

156.9
166.2
89.3
2.5
115.1
325.4
17.7
272.8
291.1
368.4
6.1
201.0
252.4
148.2
231.2

0.025
0.026
0.020
0.180
0.034
0.006
0.007
0.003
0.003
0.007
0.002
0.002
0.002
0.001
0.003

171.5

s s o e e o » e @
VLN WOONY WO

.018
.024
011
.186
017
.009
.012
.012
.005
.015
.003
.006
.002
.002
.004

QOO0 O0O0OO0O0OO0CO0OO0OO0ODO0OOOO0O

e o o ® & s e s e e e e
NWOWMWES ~NWSER~NNY

] Ve (85R)

vV L

vQ (L73R)

VV.

2 (75R)

v (.a5R)

VVI

¢ (B3R!

v (953

Vvu

#0 (93R)

BNV E W

.030

.009
.014
.009

.009

COOCODOO0COOO0OOOOOC

014
.023
.016
211
011
.014
.002
.039
012
.010
.007
.019
.000
.005
.004

COO0OO0OO0OO0COQO0OO0OODODOQCOO0

ibad el T
NE IO VOO PP WO WO

.011

.010

OCCODO0COO0DO0O0O0OO0ODOOOCO

195.4
215.7
36.5
359.2
145.4
15.2
79.3
87.3
220.6
190.2
40.7
350.7

.007
.008
014
.236
.013
.019
.008
.040
.006
.007
.006
.028
.004
.010
.007

COO0OO0OQOCOOOOODOOC

152.9
165.1
4.6
356.9
143.4
43,4
83.7
91.1
128.0
147.0
306.1
342.5
93.6
16.6
115.0




APPENDIX A
CHARACTERISTICS OF PROPELLERS

A series of four three-bladed propellers was designed to study the effect of exparded
area ratio and skew upon the unsteady forces and moments when operating in circumferentially
nonuniform inflow. There were three unskewed propellers with £AR = 0.3, 0.6, and 1.2 and
one propelier with £AR = 0.6 and 120 degrees of skew.

These propellers were designed using the Lerbs induction factors with lifting-surface
and thickness corrections by Kerwin and Leopold.5? NACA 66 sections with an NSRDC
modified tail and an NACA a = 0.8 mean line were used. The propellers were designed for a
constant radial distribution of circumferential mean velocity (i.e., for the zero'® harmonic of
wake independent of radius) and an optimum radial distribution of circulation so that K = 0.15
at J = 0.83. Thickness was assigned so that the stress level was invariant among the three
unskewed propellers. The skewed propeller had the same thickness distribution as the un-
skewed propeller with EAR =< 0.6, but an oversight in the design procedure produced incorrect
lifting surface angle-of-attack corrections. The geometry of the propellers is presented in
Figures 39 through 42, and the open water characteristics are presented in Figures 43 through
46. More design details and cavitation performances in uniform flow are presented in
Reference 53.
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APPENDIX B
CHARACTERISTICS OF WAKES

Detailed axial velocity surveys were conducted in the plane ol .he propell r with the
propeller removed in order to determine th. harmonic content of each inflow velocity field.
Since the screens were incapable of producing tangential or radial components of velocity,
these components were assumed i be zero. A pitot rake was connected to the propeller
shaft axis such that several pitot tubes lay along a radial lin« (i.e., at the same angular
position). The pitot tube leads passed from the tunnel throtgh : hollow shaft, and the angular
position of the pitot tubes was accurately set from outside iL:e tunne! by rotating the shaft.
For each wake-screen, velocity measurements were made in the propeller plane at six diffe.ant
radii and at every 10 degrees of shaft rotation at a volume mean velocity of approximately
18 feet per second. The screen resistance coefficients, and hence the harmonic content of
the resulting wakes. are insensitive to Reynolds number based on the wire diameter over the
velocity range of interest in the present experiments.

The voiume mean velocity over the propeller plane is calculated from the measured
wake velocities

£ f; VL (r, ¢) rdvdg

Viy =
7]
2n(R2 - r,2)

A detailed harmonic anrlysisS®of each measured longitudinal velocity field is per-
fornied on a high-speed digital computer such that the velocity field is expressed as:

N
Vi(rn¢) =V, %+ 3> [A4,"(r) cos (ng) + B, " (r) sin (ng) )
a=1

N
Vo(ng) =V, %)+ 30 V. "(r) sin (ng + pp")

n=1

The harmonic contents of the velocity fields nondimensionalized on the corresponding volume
mean velocity are shown in Tables 2 and 3.
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APPENDIX C
CHARACTERISTICS OF DYNAMOMETER

The six components of unsteady loading v sre measured by a sting-mounted balance,31-52
using semiconductor strain gage. as the sensing elements. The assembly of the dynamometer
is shown in Fieure 47, balance details are presented in Figure 48; and the strain gage bridge
layouts are given in Figure 49. Zhe strain-gaged balance is mounted on a stiif #*ing attached
to a heavy flywheel. This assembly runs in soft-mounted bearing and is driven through a soft
coupling. The system nas two principal resonances for each component. The first, determined
by the mass of the assembly and the spring constani of the bearing mounts and coupling, is at
a frequency between 5 and 10 hertz. The second, due to the mass of the propeller and the
spring of the measuring elements, is between 450 and 1500 hertz. The dyramometer was
designed to have these resonances below and above the desired working range.

The totally submerged dynamometer is driven by a 10-horsepower d-c motor iurough a
slipring shaft and amplifier housing, all exterior to the tunnel walls. The connecting shart i3
hollow to carry the signal cables and passes through a stuffing tube as it enters the tunnel.
Before being teken from the shafting, the a-c signals are amplified with solid-state pre-
amplifiers to improve the signal-to-noise ratio.

The balance was calibrated both statically and dynamically. Static calibration (which
determines the sensitivity of each transducer to the forces applied in axisl, torsi~nal, trans-
verse, and bending modes) was performed in increments over the input force range before
assembly in the tunnel. Dynamic calibration was pe:formed after assembly in the tu: nel and
consisted of exciting the measuring svstem with a known force in increments of driving
frequency over a broad frequency range in order to establish the dynamic response of ;ach
transducer sensitivity over the desired range of .neasuring frequency.

This calibration technique has certain limitations. Dynamic calibrations are performed
without the propeller rotating, and so no accounting is made for propelier entrained water mass
and viscous damping coefficients. To check the effect of these factors, estimated mass and
damping factors were introduced into the calculation of system response, using a two-degree
of freedom, lumped mass-spring-dashpot representation of the system. These calculations
indicate that propeller damping wili significantly affect dynamic response only at frequencies
corresponding to system resonances or antiresonances. The calibrations indicated that the
maximum interactions between the loading components wero about 3 percent and that the usable
frequency range was:

hertz
Thrust 12 to 1300
Torque 12 to 500
Transverse Forces 12 to 400
Bending Moments 12 to 400
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